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Glossary

𝑝⃗

Molecular dipole moment

𝜔

Angular velocity

𝛿

The differencefrom the average

𝜖

Dielectric constant

𝛽

Thermodynamic beta

𝛼

Angle with of one dipole moment with an adjacent
one

𝜃

Angle with the z direction in the aboratory frame,
which is the direction of application of the electric
fields

𝜌

Density

𝜅

Transmission coefficient

𝜏0

Jump time, the time between successful large
amplitude jumps

𝜏𝐷

Specific diffusion time in Luzar’s model

𝜏𝑛

Orientational relaxation time

<>

Ensemble average

AC

Alternating Electric Field

𝐶𝑃𝑅

Stable state cross correlation function.
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D

Translational diffusion

𝐷𝑅

Rotational Diffusion

DC

Static Electric Field

𝐷0

Size independent diffusion

𝐷𝑃𝐵𝐶

Size dependent translational diffusion

𝐻(𝑡)

Restriction function

ILT

Inverse Laplace transform

𝑀𝑆𝑅

Mean Square Rotation

P

Overall dipole moment

𝑃𝑛

nth Legendre polynomial

V

Volume

𝑎

The radiusof a water molecule

c(t)

Hydrogen bond time correlation function

g(r)

Radial distribution function

ℎ

Hydrogen bond population operator

𝑘,

The rateconstant of hydrogen bond breaking

𝑘′

The rate constant of hydrogen bond reforming

k(t)

Relaxation rate of hydrogen bonding

𝑘𝑖𝑛 (𝑡)
𝑛(𝑡)

Restrictive reactive flux function
The probabilityhat a hydrogen bond forms at t = 0,
and at t the bond is
broken but the two molecules are in the first
coordination shell of each other

𝑛𝐻𝐵
𝑛𝑐

Number of hydrogen bonds
Coordination number
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𝑝𝑠

Picosecond

q

Order parameter

GHz
𝑘𝑠

Giga Hertz
Rate constant of H-bond switching when the previous pair
separate

𝑘𝑑

Rate constant of H-bond switching when the previous pair do
not separate

𝜏𝑟

1

Residence time after switching the bond:𝑘 − 1/𝑘𝑑
𝑠

𝑘𝑜

The rate constant of other way bonding
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Abstract
Having a net dipole moment, water molecules tend to align with an external electric field. The
re-orientation of water molecules to align with the field direction can result in structural and
dynamic changes in liquid water. Studying these changes can help us to understand the role of
an E-field in many biological systems, chemical reactions, and many technology advancements.

In short, the application of static electric fields causes molecules to stay aligned with the field,
so, fewer hydrogen bonds break, and molecules have slower dynamics. This type of field can be
used when the mobility of water molecules needs to be reduced, like in electroporation.
Alternating electric fields, on the other hand, cause continuous re-orientation of dipole
moments, which results in more H bond breaking, water is less structured, and molecules have
faster motion.

Water under static and alternating electric fields have several applications in science and
technology. Although many of the interesting usages of the application of electric fields to water
happen at surfaces, the response of hydrogen bonding of water molecules to an E-field is still not
fully understood even in bulk. For instance, the rate of hydrogen bond breaking, the reorientation of water molecules, and the random walk of water molecules under the restrictions
of the static electric field have not been thoroughly assessed. The static electric field limits the
re-orientation of water molecules, but the translation reduces at the same time, this is clear
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evidence of roto-translational coupling, and the static electric field is a great groundwork for
studying this coupling which is generated by the hydrogen bonds.

For studying the effects of an E-field on H-bonding dynamics in depth, we need a model of
hydrogen bonding. There are a few models for dynamics of H-bonding and reorientation of water
molecules, including Luzar and Chandler model, published in 1996, and the Laage and Hynes jump
model, published in 2006, which are described in the introduction chapter. The two models are
related but have different perspectives, so it would be very interesting to look for a more general
framework of hydrogen bonding by combining these two models, with the help of the influence
of external electric fields. We also explain the relation of the random walk diffusion of water
molecules and the hydrogen bonding.

Since the external electric field can change the dipole moment of water molecules, for a more
realistic picture, we need do the simulations with sophisticated polarizable water models to
obtain a better estimate of the behavior of experimental water in an electric field.

In this thesis, we introduce our generalized hydrogen bond framework; then we assess this
framework, as well as other static and dynamic properties of water under static and alternating
electric fields.
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Chapter 1. Introduction
1.1.

Water under an external electric field

Water molecules have a large electric dipole and quadrupole moments due to the partial charges
and the 𝐻̂
-𝑂-𝐻 angle.1 This results in a strong interaction of water molecules with an external
electric field. In liquid water, the structure and dynamics of water molecules under electric fields
is complicated because of the competition between the effect of the external E-field and
hydrogen bonding.2 The interactions of water molecules with a surface makes these dynamics
even more complicated.3–5
Investigation of the change of the properties of liquid water in the presence of an electric field is
very interesting because of vast applications in science and technology.4,6,7 Joseph and Aluru8
reported the enhancement of water flux in a single file nanotube when a static electric field is
applied parallel to the tube axis. Application of an electric field can change the hydrophobicity of
a surface, resulting in an enhancement of micro- and nano-flows.3,9–11 Applying electric fields can
alternate the permeability of the solutions, a process that is called electroporation and has found
many applications in biochemistry.12–14 English and Waldron have published a comprehensive
review of the scientific and the technological applications of applying electric fields to water
systems.15
If the system has charged particles of opposite signs, these particles will be separated under Efields.16,17 On the other hand, if the molecules are electrically neutral, but have partial opposite
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charges, like water, application of an external electric field can change the orientation of the
molecules.18
Molecular simulations can help in understanding the behavior of water molecules under an Efield.19 For doing molecular simulations, we need to choose a water model, which exhibits similar
responses to the E-field as real water.20,21 Also, we need to carefully choose an appropriate
thermostat and a proper set of electric boundary conditions.
Simulation of water molecules can be done in conjunction with21 or without controlling the
temperature,20 but a more realistic simulation will be with a thermostat because the interactions
of the AC E-field and molecules increases the energy of the system and a realistic system cannot
be heated continuously.21 Because the application of an alternating E-field, as an external force,
controls the dynamics of water, it results in non-equilibrium systems.16,22
For controlling the temperature in a static E-field, the Nosé-Hoover23,24 thermostat works well
because it produces a correct canonical ensemble, the system is reversible, and the total energy
of the system plus thermostat remains constant. Under E-fields, however, because energy is
pumped to the system, none of the above advantages exist, and the extra energy is stored in the
thermostat to keep the kinetic energy constant. Avena et al.25 believe that the most realistic
thermostat for simulation of the systems in an external electric field is the Bussi-DonandioParrinello Canonical Sampling Velocity Rescaling (CSVR) thermostat.26 We have examined NoséHoover, Berendsen, and CSVR thermostat and we show in Appendix 2 that the effect of the
different thermostats lead to equivalent results.
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Our group in 2007 reported a powerful influence of the direction of an external electric field on
the surface wetting.4 In 2008, they studied the effect of static E-fields on the water in
confinements in 𝑁𝑇𝑃 and 𝜇𝑃𝑇 ensembles.27 They observed completely different results for a
fixed number of molecules and for an open system. In an open system, the density in a planar
confinement increases under a static E-field. When the number of particles is fixed, the
attractions among the molecules are relaxed, so at constant pressure, molecules move more
freely, and the density decreases. In an open system, on the other hand, the application of an
electric field helps in filling the hydrophobic surfaces with more molecules, and this increases the
density. In agreement with the previous reports,28,29 they show that the average number of
hydrogen bonds, see section 4.1.6, does not change significantly under a static electric field.
Besides, the radial distribution function, g(r), and the triple oxygen angle distribution function
𝑃(cos(𝜃𝑂𝑂𝑂 )), see section 4.1.2, does not change significantly.

Vanzo, Bratko, and Luzar in our lab applied an external E-field in between of two disk-like
confinements and observed a net attraction of water molecules from the surrounding area into
the confined area.30 In another work, they used an electric field to completely wet and de-wet a
hydrophobic nano-confinment.31
Saitta et al.32 have performed an ab initio simulation on the effect of a static E-field on bulk water.
They consider the change in the intramolecular distance distribution as a change in the structure.
It is shown in Figure 1 of their paper, that the enhancement of structure between 0 − 0.2 𝑉Å

−1

−1

is only 2%. Sutmann28 have reported that water molecules completely line up at 0.1𝑉 Å , and
under a very strong hypothetical E-field of 3.0 𝑉 Å

−1

the system converts to a highly ordered ice.
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Vegiri29,33 sees a change in the radial distribution function (RDF) of water at 250 𝐾 under an
−1

unrealistic field of 3.0 𝑉 Å .

Regarding the thermodynamic calculations, Amadei et al. have developed a quasi-Gaussian
entropy (QGE) theory for the thermodynamics of dielectric fluids as a function of temperature
and the strength of the E-field.34 Aragones et al.35 have calculated the effect of the strength of
the static E-field on the phase diagram of water. Vaitheeswaran et al.36 have assessed the effect
of an E-field on water dynamics in a narrow carbon nanotube and calculated the change in the
free energy of filling a nano-tube with a chain of H-bonded water molecules. They have also
computed the entropy from the free energy of filling the nanotube by measuring the probability
of finding a nanotube filled with water. Hernandez-Rojas and Gonzalez37 focus on a water
octamer and calculate many structural and thermodynamic properties of water, including the
heat capacity, and an order parameter, 𝑄4 , for a cluster of water molecules. Choi et al. have
performed ab-initio simulations on water clusters under E-fields, and concluded that increasing
the strength of the applied E-field reduces the probability of having a ring of water molecules,
and increases the probability of forming a chain of molecules instead.38
At a surface, water molecules tend to have an orientation correlated with the hydrogen bonding,
but an external E-field tries to align the dipole moments with the field direction. If we apply an
E-field perpendicular to two hydrophobic interfaces while water is inside, these two propensities
compete on the E-field incoming surface and collaborate on the E-field outgoing surface.3 The
incoming field surface then will remain hydrophobic, and the other surface will become
hydrophilic; this is an E-field induced Janus interface.39 von Domaros et al. observed that the
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alignment of water molecules in E-field-induced Janus interfaces produces a huge difference
between the orientation dynamics in incoming and the outgoing fields. This difference decreases
with the E-field since the stronger E-field finally dominates the effect of the surface, but there is
a point at near 0.03 𝑉Å

−1

where the two effects cancel each other, and the molecules are freer

to re-orient.
Under an alternating E-field, water molecules re-orient all the time.40 If the system contains ions,
the temperature goes up because of two reasons: firstly the heat will be generated from the
friction of moving ions among the water molecules. Besides, more H-bond will break, and
molecules with fewer H-bonds move faster and have higher kinetic energy.41
English et al. have used Non-Equilibrium Molecular Dynamics, NEMD, for water under squarewave electric fields.42 They observe that the oscillations in the translational and rotational crosscorrelation functions increase with the field frequency, and the translational diffusion decreases
at frequencies higher than 200 𝐺𝐻𝑧. They say that this is because water molecules re-orient very
fast and the molecules return to their original orientation, and this is like the water molecules
have not rotated at all, so molecules do not move, and the translational dynamics slow down.
They guess that the reduction in the molecular mobility is related to the H-bonding, but they do
not do any measurement.43 They also observe that under alternating E-fields, increasing the Efield intensity, increases the roto-translational coupling.
In their 2014 paper,44 again a square-wave alternating E-field is applied. This time their theory
for the reduction of the translational diffusion with the E-field frequency is that beyond certerin
frequency the molecules cannot follow the E-field reversion. So, the water alignment does not
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change dramatically, and this is the reason for having a maximum in the diffusion versus
frequency plot.20
The well-accepted machinery for calculating the re-orientation of water molecules is the large
orientational jump model introduced by Laage and Hynes,45 and we will describe this model in
section 1.2.2. English et al.44 on a basic interpretation of this model have calculated the
probability that a water molecule has five H-bonds, which means that at least one of the bonds
is bifurcated. They have used this interpretation since during a re-orientational jump; a hydrogen
bond can be unstably bifurcated. As it is expected, the faster the E-field alternates, the higher is
the number of bifurcated H-bonds. This makes sense since when the E-field frequency is higher,
at any moment, more hydrogens are in the H-bond switching process.
Recently40 the English group has done ab-initio molecular dynamics simulations of water under
static and alternating electric fields, and they have calculated static properties, as well as
hydrogen bond dynamics of water,45 and they, show that the dynamics slows down under static
E-field and accelerates under alternating E-field. We will discuss these conclusions in chapter 5.

In spite of publishing several papers,15,18,25,43,46–48 the interpretation of English group of the
effects of external electric fields on H-bond dynamic and roto-translational coupling is still not
clear, and a precise link between hydrogen bond kinetics and the roto-translational coupling is
still missing. We will talk about that in the future work section.

Suresh et al. introduced a theoretical method for calculating the effects of a static E-field on the
H-bond network of water.49,50 In their approach, they assume that before a water molecule
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reorients, all the H bonds should break. Based on this assumption, they calculate the probability
that a water molecule has zero H-bonds, i. e., no accepted and no donated bonds. They conclude
that the static E-fields enhance the H-bond network since increasing the strength of the external
E-field reduces the probability that a water molecule has zero H-bonds.

1.2.

Hydrogen Bond Dynamics

Currently, the two most important models for explaining the dynamics of water hydrogen
bonding are the model that Luzar and Chandler proposed in 199651 and the model that Laage and
Hynes proposed in 2006.45 Here we explain the models briefly and explain their similarities and
differences.

To the best of our knowledge, these models have not been thoroughly studied for water under
external E-fields. The current reports are limited to the calculation of the H-bond breaking time
by English et al.44 and studying the large jumps during one switch of the field direction by Takae
et al.52 We analyzed these models extensively in chapters 4 and 5 under static and alternating Efields, but first, we need to have an overview of the two models:

1.2.1. Luzar and Chandler Model
Luzar and Chandler introduced their model to characterize H-bond dynamics between a pair of
water molecules.51 They define the state of hydrogen bonding by a dynamical variable ℎ(𝑡),
which is equal to 1 when a pair of molecules are H-bonded and zero otherwise. A hydrogen bond
is defined with geometric criteria: the bond is ON when the oxygen-oxygen distance is less than
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3.5 Å, the angle between 𝑂 − 𝐻 and oxygen-oxygen axes is less than 30∘ , and the distance of
the donated hydrogen and the acceptor oxygen 𝑂 … 𝐻 is less than 2.45 Å. We will talk about
these criteria later in chapters 3 and 4. To study the dynamics of bond forming and breaking we
can define a H-bond time correlation function:

𝑐(𝑡) =

< 𝛿ℎ(𝑡)𝛿ℎ(0) > < ℎ(𝑡)ℎ(0) >
=
<𝛿ℎ>
<ℎ>

1

which is the probability that a pair of molecules are bonded at time 𝑡 if the bond was ON at time
𝑡 = 0, regardless of breakings of H-bonds between these two times. In other words, 𝑐(𝑡) is an
intermittent H-bond correlation function. If we expand the middle expression of the above
equation with 𝛿ℎ(𝑡) = ℎ(𝑡)−< ℎ > we get the right-hand side because < ℎ2 >=< ℎ > , and <
<ℎ>

ℎ(0) >=< ℎ(𝑡) > for a long enough simulation, and <ℎ>2 ~0 for a big system, with 𝑛𝑚𝑜𝑙 ≫ 1.
The H-bond relaxation function is:

𝑘(𝑡) = −

𝑑𝑐(𝑡) < ℎ̇(0)ℎ(𝑡) >
=
𝑑𝑡
<ℎ>

2

and the process of H-bond forming and breaking can be described as a phenomenological
process:
𝑘
𝐴⥨ 𝐵
𝑘′

3

which 𝐴 means H-bond "ON", and 𝐵 means H-bond “OFF”, and 𝑘 and 𝑘′ are the rate constants
of H bond forming and breaking. If this is a simple first order reaction, we can write the time
evaluation of 𝑐(𝑡) as:
𝑡

𝑐𝐴 (𝑡) = 𝑐𝐴 (0)𝑒 −𝜏

4
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where 𝜏 = 𝑘 + 𝑘′.
The short time behavior of 𝑘(𝑡) at the time < 0.3 ps is a transient behavior which is related to
the fast H-bond breaking generated by molecular librations.53 If the bond breaks and never reforms, i. e., the reaction passes the transient period only one time, the reaction rate would be a
transition state theory (TST) rate, that is: 𝑘~ 𝑘(0+ ) = 𝑘𝑇𝑆𝑇 , but if the pair come back to Hbonding, the rate of relaxation is reduced. We can define the reduction of the relaxation rate
𝑘(𝑡)

because of re-crossings by a dynamical transmission coefficient: 𝜅(𝑡) = 𝑘(0+) . Since the number
of these re-crossings depends highly on the position of the dividing surface, 𝜅(𝑡) highly depends
on the choice of H-bond criteria. It can be proved in the reactive flux method54 that by multiplying
the two parameters that are inversely related to the H-bond criteria, the function 𝑘(𝑡) =
𝜅(𝑡) × 𝑘(0+ ) is independent of the choice of H bond criteria after the transient time. The
relaxation of the H-bonding then is supposed to be exponential:
𝑘(𝑡)~ 𝑘𝑒 −𝑘𝑡 ,

𝑡 > 𝑡𝑡𝑟𝑎𝑛𝑠

5

For water, however, the relaxation is not exponential, and relaxes much slower, see the semi-log
plot of k(t) in section 4.3.1. Luzar and Chandler proposed that the non-exponential relaxation of
H-bond dynamics is related to the diffusion of water molecules out of the first shell:
𝑘 𝜏𝐷
𝐴 ⥨ 𝐵→ 𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑖𝑟𝑠
𝑘′

6

This time state 𝐵 means the probability that the bond is broken but the pair are still in the first
𝑡

coordination shell of each other. We replace the state 𝐵 by 𝑛(𝑡) = ∫0 𝑑𝑡 ′ 𝑘𝑖𝑛 (𝑡 ′ ), and 𝑘𝑖𝑛 is the
restrictive reactive flux function: 𝑘𝑖𝑛 (𝑡) =

<ℎ̇[1−ℎ(𝑡)]𝐻(𝑡)>
<ℎ>

. H(t) is the limiting function that is 1
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if the pair are still in the first coordination shell, bonded or not bonded, and zero otherwise. 𝑛(𝑡)
is the probability that the bond is ON at time 0 and OFF at time 𝑡 , but the pair are still in the first
coordination shell of each other:

𝑛(𝑡) =

< ℎ(0)[1 − ℎ(𝑡)]𝐻(𝑡) >
<ℎ>

7

we can find the rate constants of H-bond breaking and re-forming by assuming that the reaction
is the first order: −

𝑑[𝐴]
𝑑𝑡

= 𝑘[𝐴] − 𝑘 ′ [𝐵]. So, in terms of hydrogen bond dynamics:
𝑘(𝑡) = 𝑘𝑐(𝑡) − 𝑘 ′ 𝑛(𝑡)

8

we can find a pair of 𝑘 and 𝑘′ that match the left side versus the right side of the above equation.
There are two sources of relaxation of 𝑛(𝑡): the population may decrease because of the pair rebonds, or because molecules diffuse away from the first shell. Luzar and Chandler modeled
diffusion with source and sink dynamics:
𝜕
𝜌(𝒓, 𝑡) = 𝑫 ∇2 𝜌(𝒓, 𝑡) + 𝛿𝑘𝑐(𝑡) − 𝛿(𝒓)𝑘 ′ 𝑛(𝑡)
𝜕𝑡

where 𝐷 is the diffusion coefficient, 𝜌(𝒓) is the density in the first shell equal to
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𝑛(𝑡)
𝑎3

where 𝑎 is

the water molecule radius. By solving the above equation using a Laplace transform, they came
up with the following analytic equation for 𝑘(𝑡):

𝑘(𝑡) = 𝐼𝐿𝑇{

𝑘
},
𝑠 + 𝑘 + 𝑘 ′ 𝑠𝑓(𝑠)

𝑓(𝑠) = 3 𝜏𝑑 [ 1 − √𝑠 𝜏𝑑 arctan (

and

1
√𝑠𝜏𝑑

10
)]
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𝑘𝑖𝑛 (𝑡) = 𝐼𝐿𝑇{𝑠𝑓(𝑠)𝐿𝑇(𝑘(𝑡))}

11
2

where 𝐼𝐿𝑇 means the Inverse Laplace Transform and 𝜏𝑑 = (6𝜋 2 )−3

𝑎2
𝐷

is the diffusion time.

When diffusion is small, the above equation leads to a single exponential kinetics:
𝑘(𝑡) = 𝑘𝑒 −(𝑘+𝑘

′ )𝑡
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which is exactly eq. 4 and it means that in the absence of any diffusion, the bonding, and nonbonding states just interchange. In water, however, the diffusion is not small, and the relaxation
of H-bonding is non-exponential. The quantity 𝜏𝐷 is the average time that a non-H-bonded pair
of water molecules need to leave the bonding area, 𝑎~1.5Å.
Luzar and Chandler's model describe the H-bond dynamics for a pair of water molecules, but
Luzar55 also explained how 𝑛(𝑡) changes when there are 3 water molecules. They show that the
free energy of bonded and non-bonded states does not differ significantly. They concluded that
this is because a breaking of a bond, is accompanied with the formation of a new H-bond with a
neighboring molecule, and the process of breaking the bond, re-bonding, and diffusion are parts
of a switching of allegiances process.56 In this picture, the 3 molecules that have formed a
tetrahedral structure, switch their partners and form another tetrahedral structure, but the
previous H-bonded pair, are not in the first shell anymore.
However, they have never calculated the rate of H-bond switching to prove their point. In this
research, we suggest a method for calculating the rate of H-bond switching using a reactive flux
method, and we discuss Luzar’s theory.
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Csajka and Chandler57 used transition path sampling58 for studying the hydrogen bonding. The
transition path sampling examines a series of states in a many-body system: starting from region
A, passing an energy barrier, and ending to region B. They have used this method for a tagged
pair of water molecules that remain in the first coordination shell, for going from bonding state,
A, to non-bonding state, B. Although bond forming-breaking is not a rare event, they have used
this problem for testing the transition path sampling method, because having many of H-bond
breakings, makes a comparison of this method with direct simulations easier.
Their results show a large jump of the hydrogen atom during the breaking of an H-bond, while
no jump in the 𝑂 − 𝑂 distance occurs. At the moment of breaking the H-bond, the potential
energy increases up to 10 𝐾𝐽/𝑚𝑜𝑙 (decreases in absolute value), and both the donor and the
acceptor molecules experience a sudden reduction in the number of H bonds. They mention that
in about 40% of the trajectories, this sudden changes is accompanied with finding a new
acceptor and removal of neighboring molecules from the perfect tetrahedral structure, which is
again consistent with what Stillinger calls56 "switching allegiances" .

1.2.2. The re-orientational extended jump model
Laage and Hynes introduced their model for water reorientation in 2006. 45 In short; they state
that the switching of the H-bond acceptors of hydrogen is by a large rotational jump of the donor
molecule so that the donated hydrogen jumps from the first H-bond cone to the second H-bond
cone.

13
They say that the diffusive model, which explains the reorientation of molecules by small angular
Brownian steps, cannot correctly describe the reorientation of water molecules. The
orientational correlation function is:
Cn (t) = < Pn [𝐮(0). 𝐮(t)] >
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where 𝑃𝑛 is the 𝑛′ th-rank Legendre polynomial and 𝒖(𝑡) is a unit vector attached to the water
molecule’s dipole moment. This function relaxes exponentially, and the relaxation time of 𝑐𝑛 (𝑡)
is 𝜏𝑛 . If the re-orientation of water molecules is with diffusive re-orientations, time follows the
below relation:59

𝜏𝑛 =

1
𝑛(𝑛 + 1)𝐷𝑅
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where 𝐷𝑅 is the rotational diffusion coefficient.60 It has been shown that the ratio of 𝜏1 /𝜏2 = 3
and 𝜏1 /𝜏3 = 6 differs significantly from simulation results.61
In their model, the donor oxygen is 𝑂∗ , the donated hydrogen is 𝐻 ∗ , the first acceptor is 𝑂𝑎 and
the second acceptor is 𝑂𝑏 . Their proposed mechanism can be summarized in the following steps:

• At the beginning, 𝐻∗ has been donated to 𝑂𝑎 .
• With a large re-orientation of the donor molecule 𝐻 ∗ jumps from the H-bond
cone of 𝑂𝑎 to the H-bond cone of 𝑂𝑏 . This re-orientation happens in a plane
formed by the donor molecule, the first, and the next acceptors.
• After the jump, 𝑂𝑎 gradually separates from 𝑂∗ .
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The essential explanation of the model lies in the heart of figure 1 of their Science paper45 where
∗ 𝑂 ∗ 𝑂 and 𝐻 ∗̂
the average oxygen-oxygen distances and the 𝐻 ̂
𝑂∗ 𝑂𝑏 exhibit a big and fast change
𝑎

during a H-bond acceptor switching.
The jump time can be calculated from the Ivanov model61

𝑗𝑢𝑚𝑝
𝜏𝑛

1
1 sin[(𝑛 + 2) Δ𝜃]
= 𝜏0 { 1 −
}
Δ𝜃
2𝑛 + 1
sin( 2 )
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where 𝜏0 is the jump time calculated from the relaxation of the stable state cross correlation
function:
𝐶𝑅𝑃 =< 𝑛𝑅 (0)𝑛𝑝 (𝑡) >
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where 𝑛𝑅 and 𝑛𝑃 are the probabilities that 𝐻 ∗ is in the stable reactant and stable product states
respectively, and 𝜏0 can be calculated from (1 − 𝑐𝑅𝑃 ) = 𝑒 −𝑡/𝜏0 . In other words, 𝜏0 is the time
that 𝐻 ∗ travels from stably H-bonded to 𝑂𝑎 to stably H-bonded to 𝑂𝑏 .
For a better description of the jump process, Laage and Hynes have taken the reorientation of
the frame of the jump into account, and they call their model the Extended Jump Model, EJM.
The total re-orientation time is calculated from:
1
1
1
= 𝐽𝑢𝑚𝑝 + 𝑓𝑟𝑎𝑚𝑒
𝜏𝑛 𝜏𝑛
𝜏𝑛

17

Using the above model, they calculate 𝜏1 /𝜏2 = 2.4 which is much closer to the simulation result.
That transition happens when the central molecule has any number of HBs, but only when 𝑛𝐻𝐵 =
5 we can be sure that we have at least one of the bonds in the transition and the bond is
bifurcated.62,63 Kyohei and Onuki52 remarked that when 𝑛𝐻𝐵 = 3 the probability of having a
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molecule in the transition state is higher than when 𝑛𝐻𝐵 = 5. It seems interesting to observe the
effect of an external E-field on the large jumps, which is how fast the molecules re-orient, how
large are the jumps.52 We have studied this model extensively under the E-fields, see chapters 4
and 5.
The Laage and Hynes re-orientation model and Luzar H-bond switching model are very similar,
see Appendix 3. The difference is that Laage and Hynes do not talk about the H-bond kinetics,
and instead they focus on the reorientation of the intra-molecular O-H bond. The main objection
to this model is that the large jump mechanism is only about a few percents of the trajectories:
15% based on ref. 64 in quantum simulations and 40% according to ref. 57 using transition path
sampling method. What happens to the rest? We will show in section 3.3 that the rest of the
trajectories simply do not end up in a stable state. In the 2008 paper of Laage and Hynes,61 they
mention that not all the jumps result in the stable product state, and the transmission coefficient
is near 0.5; we will talk about this discrepancy in section 3.3.
Chowdhary and Ladanyi65 were the first group who tried to find the connection of the Luzar's and
Laage's model. Their first picture is that the hydrogen bonds break and reform according to
Luzar's model, and the H-bond partners exchange according to Laage’s mechanism. They find
that the jump time in Laage model is close to the average H bond lifetime in Luzar's model. We
will expand this theory in chapter 3.
Qvist et al. have performed quasi-elastic neutron scattering experiments and MD simulations on
water to provide a detailed analysis of H-bonding. They propose a model of re-orientational and
translational jumps which differs from Laage's jump model. They observe that a little change in
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the energy of vaporization and consequently the H-bond network makes a significant difference
in the re-orientational dynamics of molecules. They suggest a continuous random walk (CTRW)
model, for the translational diffusion of water molecules. They divide the translational jumps into
intra- and inter-basin jumps and they calculate the diffusion coefficient using their model which
is in a good agreement with the diffusion coefficient calculated from the mean square
displacement of molecules. We show in chapter 3 that the basins that Qvist and Halle are
referring to, are cages66 that are formed by hydrogen bonding, and the inter-basin jumps are Hbond switching of allegiances.
Recently, Kawasaki and Kim67 have calculated the lifetime of a hydrogen bond from the relaxation
time of the total number of H-bonds in the system. They show that the diffusion coefficient and
H-bond breakage time are correlated. In this research, however, we calculate the dynamics of Hbonding more rigorously, and we show that the random walk diffusion of water molecules
happens in between H-bond breakings.

1.3.

How this thesis is arranged

In this thesis we first introduce our generalized framework of hydrogen bond breaking, reforming
and switching, and then we bring our results for water under the static and alternating electric
field, and we explain them using our generalized framework.
Chapter 2 is about model and methods where we explain the details of our simulations. In
Chapter 3 we explain our generalized framework for hydrogen bond dynamics. We will introduce
a new set of correlation functions, and we will try to modify the current model51 for the relation
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of H-bonding and diffusion of water molecules. In Chapter 4 we bring our results for water under
static E-fields, where molecules align with the E-field but keep their dynamics mostly in the
direction perpendicular to the E-field. We show that the roto-translation coupling still exists even
when the E-field only limits the the re-orientation of water molecules.
Finally, in Chapter 5, we study water under alternating E-fields. Specifically, we explain why the
hydrogen bond lifetime and diffusion coefficient are maximum when the E-field frequency is
around 200𝐺𝐻𝑧.
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Chapter 2. Models and Methods
Our observation method is molecular dynamic simulations, as it is one of the most prominent, if
not the most prominent, theoretical method of exploring the properties of liquid water. Here we
explain the methods and challenges in our simulations.

2.1.

Molecular force field

A popular potential for MD simulation with a directional attraction of molecules such as the case
of hydrogen bonds combines the Lennard-Jones potential24,68 with an electric force between
partially charged atoms, to form the force field of the simulation.
Quantum simulation methods are not studied for this research for two reasons: Firstly, this is
because they are very time-consuming and have size limitations. For instance, when doing CarParrinello molecular dynamics simulation,69 we need to take dispersion forces into account.
Dispersion forces include forces between a permanent dipole moment and a corresponding
induced dipole (Debye force) and two instantaneously induced dipoles (London dispersion force).
Calculation of these forces limits simulation time and system size to under 20 ps and below 100
molecules, respectively. The second reason is that hydrogen bonds are predominantly
electrostatic and only ~10% covalent bonds.70 We are exploring the physical phenomenon
resulting from the electrostatic interaction of molecules, which happen in picosecond timescale,
while quantum effects are mostly considerable in studying the covalent characteristics of bonds
and happen in sub-picosecond timescales. For example in Luzar's model,51 the relaxation
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dynamics is studied after the transient time, near 300 𝑓𝑠, where the physics of the coupling
between translational diffusion and H-bond kinetics would not be affected by

quantum

interactions. In the case of re-orientational dynamics and the jump model of Laage, the classical
description of nuclear motion has been criticized in the literature.64 However, its validity is
supported by the very small isotope effects that have been measured experimentally for the
water reorientation time71. This experimental finding is consistent with the computed jump
mechanism that does not involve tunneling.72 A recent semi-classic MD simulation study of water
HB dynamics confirmed that the jump mechanism is unchanged when the hydrogens nuclear
motion is explicitly quantized.73

In Table 1 we have summarized the most important properties of the most important water
models. As explained before, a proper model needs to show similar behavior to experimental
water, having a developed force field, and be doable with a fast-paralleled simulation package.
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Table 1. A list of major water models and the important properties compared to the experimental values.

polarizable

Non-polarizable

Model

𝐷𝑃𝐵𝐶 1

𝐷0 2

Dielectric

Dipole

Shear

Surface

Constant (𝜖)

Moment3

Viscosity4

Tension5
63.678

SPC/E

2.3074

2.97 ±

70.7 ± 0.874

2.3576

0.72977

TIP5P

2.62 ±

0.0575

81.5 ± 1.679

2.2980

0.69977

TIP4Q

81
2.08
0.0479

2.556

93.282

2.4482

TIP4P/2005

2.1775

2.4975

5883

2.3084

SPC

4.1885

6586

2.27

SWM4-NDP7

2.3087

79 ± 0.587

2.45687

TIP4P-FQ

1.990

79 ± 890

2.6290

2.5491

80.792

2.3691

1.9991

uAmoeba

2.4193

BK3

2.0894

0.85577

69.378
65.178

0.6288

6589

1.86493

0.8591

68.391

79.1491

2.20

0.991

69.21

78.41 ± 193

1.8093

0.72 ± 0.0593

2.3794

7994

2.6694

0.95194

2.395

78.495

2.9596

0.89697

iAmoeba
Amoeba14

6977

Experimental

1

Diffusion in the units of 10−9 𝑚2 /𝑠

2

𝐷0 is size independent diffusion calculated by extrapolating diffusion for infinite size of the simulation box

3

Dipole moment in unit of Debye

4

Shear viscosity in unit of 𝑚𝑃𝑎. 𝑠

5

Surface tension in unit of 𝑚𝑁/𝑚

6

A prediction based on equation 22 using viscosity

7

WM4-NDP is TIP4P with a Drude oscillator

71.9998
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We simulate one non-polarizable water model, SPC/E,76 and two polarizable water models,
BK3,99 and SWM4-NDP.100 The extended simple point charge model, SPC/E, is a successful three
site successful water model. The oxygen atom has a partial charge of −0.8476 𝑞𝑒 and the two
hydrogens have +0.4238 𝑞𝑒 where 𝑞𝑒 is the electron charge 𝑞𝑒 = 1.602 × 10−19 . The intramolecular oxygen hydrogen distance is 1.0Å and the, hydrogen-oxygen-hydrogen angle is
109.47∘ . The oxygen site has Lennard-Jones parameters of 𝜖𝑂 = 0.6502 𝑘𝐽/𝑚𝑜𝑙, and 𝜎 =
3.166 Å.
The two polarizable water models that we use also show similar properties to experimental
water. SWM4-NDP is a five site water model, where each hydrogen has a charge of 𝑞𝐻 =
0.5573 𝑞𝑒 , the oxygen atom has a charge of 𝑞𝑂 = −1.7162 𝑞𝑒 and a Drude particle with the
charge of 𝑞𝐷 = 1.7162 𝑞𝑒 with a spring constant of 𝑘𝐷 = 4184.0 𝑘𝐽/𝑚𝑜𝑙Å2 is attached to the
oxygen atom. A massless charge of 𝑞 = −1.1146 𝑞𝑒 is also attached to the oxygen in a distance
of 𝑑𝑂𝑀 = 0.24 Å. The oxygen-hydrogen distance is 𝑑𝑂𝐻 = 0.95 Å and the hydrogen-oxygenhydrogen angle is 104.52∘ .

The Lennard Jones parameters of oxygen atoms are 𝜖𝑂 =

0.88 𝑘𝐽/𝑚𝑜𝑙 and 𝜎 = 3.184 Å.
The BK3 water model has 3 Gaussian charges on spring: two 𝑞𝐻 = 0.584 𝑞𝑒 charge with a
characteristic distance of 𝜎 = 0.72 Å connected to the hydrogen atom, and one 𝑞𝐻 = −1.168 𝑞𝑒
with a characteristic distance of 𝜎 = 0.4Å connected to a massless and chargless particle M at
distance of 𝑑𝑂𝑀 = 0.2661 Å to the oxygen atom. The oxygen-hydrogen distance is 𝑑𝑂𝐻 =
0.975 Å and the hydrogen-oxygen-hydrogen angle is 104.52 Å. The overall polarizibility is
1.44 Å3 and the equilibrium dipole moment of water is 𝜇0 = 2.95 𝐷. The Buckingham potential
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for the short range 𝑂 − 𝑂 intractions is used with the parameters: 𝐴 = 326600 𝑘𝐽 𝑚𝑜𝑙 −1, 𝐵 =
3.59 Å−1 and 𝐶 = 2970 𝑘𝐽 Å6 . The force field potentials are plotted in Appendix 7.

2.2.

Simulation
Simulation packages:

The SPC/E and SWM4-NDP simulations have been done using Large-Scale Atomic/ Molecular
Massively Parallel Simulator (LAMMPS).101,102 The BK3 simulations have been done using a
modified GROningen MAchine for Chemical Simulations (GROMACS)103 modified by MarcelloSega104 where they added the capability of calculating the dynamics of Gaussian charges. Despite
limitations, these well parallelized packages make the simulation process much faster than
developing our own codes.105,106 Our simulation of 512 and 1000 water molecules is performed
in cubic boxes of size 24.85 Å and 29.89 Å respectively both with density 1 𝑔/𝑐𝑚3 with periodic
boundary condition in all three directions. The simulation step time is 1𝑓𝑠, and we use this

time step also to calculate the H-bond correlation functions.

Electrostatic
We calculate long range electrostatic interactions using the particle−particle−particle−mesh
(PPPM) solver with 10−5 accuracy for SPC/E and 10−3 for BK3 and SWM4-NDP. We use the
periodic boundary conditions in all three directions. Electrostatic forces are truncated after 12 Å.
It is necessary to remove the extra charges that are accumulated at the boundaries because of
the polarization of the system. When we apply an electric field, the water molecules will be
aligned, and there would be a separation of charges at the two boundaries of the simulation box.
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These charges produce an electric field with the opposite direction to the external electric field,
and the water molecules experience an E-field that is weaker than the applied field. We remove
these charges by using an electrical boundary condition named tin foil107 to make sure that the
water molecules feel the same E-field as is applied. The default electric boundary conditions in
Lammp and Gromacs are conducting boundary conditions.
By applying an alternating external electric field, we continuously pump energy into the system,
so the system is never in equilibrium. The molecular dynamics simulation of this situation is called
non-equilibrium molecular dynamics (NEMD).21 We need to keep controlling the temperature by
doing NVT simulations as NEMD. This is because the dynamic variables in this report depend
highly on the temperature, and to compare results under different E-field strengths, we need to
have the same temperature for all systems. We implement Nosé-Hoover thermostat23 at 𝑇 =
300 𝐾 with a relaxation time of 0.03 𝑝𝑠. We have also tested the velocity rescaling thermostat
Canonical Sampling through Velocity Rescaling (CSVR) thermostat26 which is similar to Berendsen
thermostat108 but rescales randomly using a Gaussian probability. The relaxation time for CSVR
thermostat is also 0.03𝑝𝑠 and we confirm that there is no difference in the results by using either
of the two thermostats. We equilibrate the system for 300 𝑝𝑠, and the results are averaged over
500 to 1000 𝑝𝑠 of the simulation.

The Spatial Distribution Function plots are calculated using TRAVIS109 and are
plotted with VMD110 using iso-surfaces style.
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Diffusion coefficient
We calculate the diffusion coefficient from the mean square displacement:
< |𝑟(𝑡) − 𝑟(0)|2 > = 2𝑑𝐷𝑡
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where 𝑟(𝑡) is the position of a molecule at time 𝑡, 𝑑 is the dimension of the system, <> means
the ensemble and time averages, and 𝐷 is the diffusion coefficient. We have calculated the
diffusion from the slope of the Mean Squar Displacement (MSD) function in the time range of
50 − 70 𝑝𝑠. Our calculated diffusion of bulk water under zero field is 2.55 × 10−9 𝑚2 /𝑠 for
SPC/E, 2.02 × 10−9 𝑚2 /𝑠 for BK3, and 2.64 × 10−9 𝑚2 /𝑠 for SWM4-NDP which agrees with
the previous results75 and close to the experimental value. 95
Yeh and Hummer remarked that the calculated diffusion in periodic boundary conditions is highly
size-dependent and for calculating a size independent self-diffusion, we need to use the following
equation:111

𝐷0 = 𝐷𝑃𝐵𝐶 + 2.8372

𝑘𝐵𝑇
6𝜋𝜂𝐿
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where 𝐷0 is the size independent diffusion, 𝐷𝑃𝐵𝐶 is the size dependent diffusion, and 𝜂 is the
shear viscosity that can be calculated with a NVT simulation. We have not used this correction
since the long-range interactions that influence the diffusion coefficient, will also influence other
dynamical variables, especially hydrogen bond dynamics. As we study the relation of the
hydrogen bond dynamics and diffusion of molecules in the next chapters, doing this correction is
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not necessary. In other words, we believe that the theories that we develop in this thesis, will be
size independent.

Chapter 3. A Unified Framework for Hydrogen Bond
Dynamics in Water
A relatively large number of hydrogen bonds per molecule, a strong network of H-bonds and a
short lifetime of H-bonds are three characteristics that make water the most special liquid in the
world.53 Explaining the behavior of water molecules helps us to understand the properties of
more complex systems in science and technology.112–115 To perceive the physics of hydrogen
bonding in depth, we need a comprehensive model of hydrogen bond dynamics, translation, and
rotation of water molecules. Today, the existing models for studying these dynamical variables
are the Luzar and Chandler model51 and Laage and Hynes model.45,61 We have explained these
two models in section 1.2.
Both models have been successful in explaining many computer simulations 116,117 and
experiments.71,118,119 These models describe the hydrogen bond breaking and switching from the
different perspectives. The purpose of both models is measuring the different aspects of water
dynamics: H-bond lifetime, rotation, and translation of water molecules. Hence, our search for
a unified framework narrows down to understanding how these dynamical processes happen in
time and distance. In this chapter, we provide a generalized framework by incorporating and
reconciling the current interpretations.
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The Luzar and Chandler model51 is based on a population operator ℎ(𝑡) which is one if a pair of

1

2

4

3

Figure 1. The scheme that Luzar suggested for H-bond switching of allegiances55 which is almost the same as the
picture introduced by Laage and Hynes. Molecule (1) and (3) are initially H-bonded, then molecule (1) switches Hbond to molecule (2). The Luzar model does not consider which hydrogen is donated, and the Laage and Hynes
model does not measure the diffusion of the primary acceptor out of the first shell. The transition state is the
bifurcation of a H-bond in frame (b), and by each switch the previous acceptor leaves the first shell.

water molecules are H-bonded, and zero otherwise. In this model, the donor and the acceptor
molecules are not distinguished.120
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3.1.

H-bond switching

The H-bond network of water is preserved in liquid water when near 10% of all possible
hydrogen bonds are broken, see ref 118. Luzar,55 by comparing the free energy of bonded and unbonded states suggested that the existence of a new allegiance facilitates bond breaking. A
simple three molecule scheme, depicted in Figure 1 indicates that the switching of allegiance
happens with the same rate of H-bond breaking and re-forming. Below, we introduce a method
for calculating the switching rate constants, and we show that the rate of switching of H-bonds,
is close but not necessarily equal to the rate of H-bond breaking.
We hypothesize that during the time that a bond between a pair of water molecules is broken in
the Luzar model, the donated hydrogen has switched to another acceptor. After any H-bond
breaking in the Luzar and Chandler model, which is due to the re-orientation of the donor
molecule, re-forming falls into one of these three categories: (i) If the break is because of the
small amplitude librations of the intra-molecular O-H bond, the bond will reform instantly. (ii) If
the hydrogen switches its acceptor through a hindered rotation in an angular jump-like process,
there is still a chance that the switch reverses. These re-formings take a longer time, and we will
talk about them shortly. (iii) It is possible that the hydrogen never switches back, but the pair of
water molecules re-associate in another way, either by donating the other hydrogen of the donor
molecule to the acceptor or by swapping of the donor-acceptor roles. In Luzar model, the first
type of re-formings are seen in the transient time of 𝑘(𝑡) function, and the second and the third
possibilities are not distinguished.
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As a side note, when 𝐻 ∗ switches its acceptor, it passes through a potential barrier.61,63 This is
the reason that the H-bond switching happens with the large angular jump of the donor water
molecule. Describing the transition state as a “bifurcated state” depends on the H-bond criteria:
with angularly wide H-bond criterion, all the switches pass through the bifurcated states, and
with more restricted criteria, fewer switches happen through the H-bond bifurcation. What is
clear from our simulations and many previous studies,61,121 is that the presence of the next
acceptor is the reason for breaking the bond with a large jump.
We need a criteria independent method to calculate the overall switching time, but without
omitting the librations, so we use a reactive flux method, see section 1.2.1. The goal of both
reactive flux method and the stable state picture, SSP, used by Laage and Hynes,45 is the same:
calculating the overall time of the transformation from the initial state, in which 𝐻 ∗ is donated
to 𝑂𝑎 to the final step, in which 𝐻 ∗ is donated to 𝑂𝑏 . We show that the switching time that is
calculated with the reactive flux method is almost the same as the switching time that is
calculated using the stable state picture, but the reactive flux results depend less on the H-bond
criteria. To do this, we write Luzar and Chandler’s H-bond correlation functions51 for a tagged
hydrogen.
We define the two states of the hydrogen bonding of 𝐻 ∗ : first, 𝐻 ∗ is bonded to the first acceptor,
𝑂𝑎 , and second, 𝐻 ∗ is donated to 𝑂𝑏 . The tagged hydrogen bond correlation function is:

𝑐𝑡 (𝑡) =

< ℎ𝑡 (𝑡)ℎ𝑡 (0) >
< ℎ𝑡 >
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where ℎ𝑡 = 1 if 𝐻 ∗ is donated to 𝑂𝑎 and zero otherwise. We also introduce the second state as
the switching correlation function of a H-bond:
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𝑛𝑠𝑑 (𝑡 ) =

< ℎ𝑡 (0)ℎ𝑡2 (𝑡 ) >
< ℎ𝑡 >
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where ℎ𝑡2 = 1 if 𝐻 ∗ is donated to 𝑂𝑏 and zero otherwise. We can split 𝑛𝑠𝑑 (𝑡) based on the
position of the previous pair has left the first coordination of the donor molecule or not (see eq.
24 and eq. 25). The switching of H-bond allegiances is then:
𝑘𝑠𝑑
𝑐𝑡 (𝑡) ⇆ 𝑛𝑠 (𝑡)
′
𝑘𝑠𝑑
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′
and the rate constants of switching and switching back, 𝑘𝑠𝑑 and 𝑘𝑠𝑑
, can be calculated by
′
finding the best pair of 𝑘𝑠𝑑 and 𝑘𝑠𝑑
that makes the following equation true, see section 1.2.1

and ref. 120:

−

𝑑𝑐𝑡 (𝑡 )
′
= 𝑘𝑠𝑑 𝑐𝑡 (𝑡 ) − 𝑘𝑠𝑑
𝑛𝑠 ( 𝑡 )
𝑑𝑡
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Figure 2. The 𝐶𝑡 (𝑡) function, eq. 6 (left), 𝑛𝑠 (𝑡), eq. 25 (middle) and 𝑘𝑡 (𝑡) = −𝑑𝑐𝑡 (𝑡)/𝑑𝑡 for SPC/E, BK3, and
SWM4-NDP water models.
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Figure 3.The correlation of equation 23 for SPC/E water in 300 𝐾 in the absence of external E-fields.

′
In Figure 3 we have plotted the above correlation function, with the best pair of 𝑘𝑠𝑑 and 𝑘𝑠𝑑
for

bulk water at 𝑇 = 300 𝐾. This correlation continues to hold, with the different rates, for water
under E-fields and water in different temperatures. The time that it takes for a proton to switch
from state A: 𝐻 ∗ is donated to 𝑂𝑎 to state B: 𝐻 ∗ is donated to 𝑂𝑏 for SPC/E water is

1
𝑘𝑠𝑑

=

3. 33 𝑝𝑠. In the following table, we see that the values calculated from SSP, using restricted
criteria and the reactive flux, using regular criteria for H-bond definition, are close, but our
suggested reactive flux value depends less on the H-bond criteria.
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We pause here to talk about the diffusion of a water molecule after breaking the bond, that is
the subject of the second part of Luzar and Chandler’s model. According to the Laage and Hynes

1

Table 2. The characteristic switching time using a Stable State Picture, 𝜏0 , and the reactive flux method, 𝑘

𝑠

, for SPC/E system at 300 𝐾. The SSP results for restricted criteria first calculated by Laage and Hynes61 as
𝜏0 = 3.3 𝑝𝑠 and near 5% difference can be related to the simulation details. Regular criteria are:
∗ -𝑂 = 30° , 𝑑 ∗
∗
̂
̂
𝐻-𝑂
𝑎
𝑂 −𝑂𝑎 < 3.5Å and 𝑑𝐻−𝑂𝑎 < 2.4 Å and the restricted criteria are : 𝐻-𝑂 -𝑂𝑎 =
30° , 𝑑𝑂∗ −𝑂𝑎

< 3.1 Å and 𝑑𝐻−𝑂𝑎 < 2.0 Å.

Characteristic times

H-bond Reg. Criteria H-bond Res. Criteria
(ps)

(ps)

1
𝑘𝑠𝑑

3.33

3.44

1
𝑘𝑠

3.38

3.45

𝜏0

2.37

3.13

model61 when the new H-bond forms, the previous pair gradually separates. This separation is
observable in switching trajectories, see Appendix 3 and ref. 61. Let us distinguish between the
two states: the previous acceptor has or has not left the first shell of the donor molecule. We rewrite equation 21 to calculate the probability of switching a H-bond acceptor, before 𝑂𝑎 leaves
the first shell of 𝑂∗ :

𝑛𝑑 ( 𝑡 ) =

< ℎ𝑡 (0)𝐻(𝑡)(1 − ℎ𝑡 (𝑡))ℎ𝑡2 (𝑡) >
< ℎ𝑡 >

or after 𝑂𝑎 leaves the first shell of 𝑂∗ :
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𝑛𝑠 ( 𝑡 ) =

< ℎ𝑡 (0)(1 − 𝐻(𝑡))(1 − ℎ𝑡 (𝑡 ))ℎ𝑡2 (𝑡 ) >
< ℎ𝑡 >
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and 𝐻(𝑡) = 1 if the 𝑂𝑎 is still in the first coordination shell of 𝑂∗ and zero otherwise. The
different switching correlation functions are plotted in Figure 4.
As the new bond stabilizes, the previous pair gradually leaves the first shell of the donor
molecules. The transition between 𝑛𝑠𝑑 (𝑡) to 𝑛𝑠 (t) is fast, and the values of 𝑘𝑠𝑑 and 𝑘𝑠 are close,
so the better choice for the rate of H-bond switching is 𝑘𝑠 not 𝑘𝑠𝑑 . Please note that after breaking
the second bond, there is a good chance that the first pair reform a bond in a way other than
donating 𝐻 ∗ to 𝑂𝑎 . The breaking of this latest bond contributes in 𝑛(𝑡) function, so the relaxation
of a non-tagged hydrogen correlation function 𝑛(𝑡) is slower than the relaxation of 𝑛𝑠 (𝑡) which
is about a tagged hydrogen.

Figure 4. The value of the correlation function: n(t) (equation 7), 𝑛𝑠𝑑 (𝑡) (equation 21), 𝑛𝑠 (𝑡) (equation 24)
and 𝑛𝑑 (𝑡) (equation 25) for SPC/E water.
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Let us restate the Luzar and Chandler model in our framework: They rate of H-bond breaking and
re-forming inside the first coordination shell and the diffusion time after breaking the bond is
calculated. We suggest that the breaking in Luzar model coincides with the switching of the
donated hydrogen to another acceptor, and the re-formings, correspond to switching back. How
can we prove this?
In the Luzar model, the non-exponential relaxation of the hydrogen bonds is associated with the
reforming events that happen with the diffusion of the separated pairs back to the original bond.
Luzar introduces two functions:120 𝑃(𝑡), which is the probability distribution of continuous
lifetimes of the hydrogen bonds that are formed at 𝑡 = 0, and Q(t) is the probability distribution
of OFF times between the same pair when the bond is broken for the last time at 𝑡 = 0. The
history of a hydrogen bond between a pair consists of a series of p(t)….P(t)…Q(t)…P(t)….Q(t)….
where p(t) is exactly like P(t), except that we relax the condition that the bond has formed at 𝑡 =
0. Luzar shows that the relaxation of the H-bonds is made of 𝑃(𝑡) and 𝑄(𝑡) functions: 𝑘(𝑡) =
𝐼𝐿𝑇 [

𝑝̃(𝑠)(1−𝑄̃ (𝑠))
],
1−𝑃̃ (𝑠)𝑄̃ (𝑠)

where ILT means inverse Laplace transform. These three functions have been

plotted in Figure 5, clearly showing that 𝑃(𝑡) is exponential and 𝑄(𝑡) is not. Luzar concludes that
the source of non-exponentiality 𝑘(𝑡) is 𝑄(𝑡) and Q(t) is not exponential because after a bond
breaks, the molecules diffuse out of the first coordination shell, and for a re-forming, the
molecule diffuses back to the first shell; a process which is not first order anymore.
We go one step farther and show that a bond re-forming that happens with diffusing back of the
separated molecules is a switch-back of 𝐻 ∗ . As we mentioned before, Q(t), is the probability
distribution of the time between the last break, until the next bond formation. We divide the
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𝑄(𝑡) function into two different possibilities based on whether 𝐻 ∗ has formed an H-bond during
time 0 − 𝑡 with another acceptor or not. Figure 5 shows the non-exponential behavior of the
reforming when there is a switch in between time 0 to 𝑡. So, the source of non-exponentiality of
𝑄(𝑡) and hence 𝑘(𝑡), is switching of the H-bond acceptor during the OFF times of bond between
𝑂∗ and 𝑂𝑎 . In other words, the non-exponentiality of 𝑄(𝑡) is because the donated hydrogen has
performed a flip-flop between time 0 to 𝑡.
So, a complete switching of the H-bond acceptor can be regarded as the outcome of a series of
switches and switches back, like a “flip-flop” of 𝐻 ∗ between the two acceptors. A flip is a switch
of 𝐻 ∗ from 𝑂𝑎 to 𝑂𝑏 , and a flop is the reverse. We have calculated the time of one “flip“ directly
from the distribution of τ𝑓𝑙𝑖𝑝 = 𝑡𝑂0𝑎 − 𝑡𝑂0𝑏 where 𝑡𝑂0𝑎 and 𝑡𝑂0𝑏 are the first moment that 𝐻 ∗ is Hbonded to 𝑂𝑎 and 𝑂𝑏 respectively. On the average, escaping from the first H-bond cone to the
next one takes around 𝜏𝑓𝑙𝑖𝑝 = 1.1 𝑝𝑠.
1

1

𝑠

𝑠

The total switching time, 𝑘 is near 3 times longer than the average flip time: 𝑘 ≈ 3 × 𝜏𝑓𝑙𝑖𝑝 . The
difference exists because after one switch there could be a switch back, or two switches back
after two switches forward and so on. Let us stress on the difference here: a single switch of the
H-bond acceptor is a “flip” that happens on average every 1.1 𝑝𝑠, but this flip can be reversed by
a “flop”. Using a stable state picture, we do not see many of these flip-flops, while in the reactive
flux method we calculate the switching time after all the flip-flops. We do not want to neglect
those flip-flops, because they have an important role in the diffusion of the water molecules, see
section 4.3. Please see the Table 3. for the difference of the H-bond process time definitions.
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Figure 5. Comparing the first passage time probability density of H-bonds, P(t), and the probability
distribution of OFF times, Q(t), if a broken bond reforms, in two situations: if the donated hydrogen
experiences another switching before switching back to the originally bonded partner, and if not. The
second condition is only met when the breaking is a librational breaking, and because of that it, relaxes
extremely fast. This plot shows that almost all the “OFF times” are the times that 𝐻 ∗ is switched to another
acceptor.

3.2. Diffusion

The immediate effect of the H-bond switching of allegiances is the rotation of the central water
molecule, the diffusion of the previous acceptor from the first coordination shell of the donor
molecule, and infiltration of the new H-bond acceptors into the first coordination shell of the
donor molecule. As we explained above, the rotational part is clearly explained by Laage and
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Hynes45 using Ivanov model. Here we explain the role of hydrogen bond switching in the random
walk diffusion of water molecules.
When a H-bond breaks, the previous acceptor goes directly away from the donor molecule. We
can see that from the average H-bond trajectories, figure 3 of ref.61 and in Appendix 3 where 𝜙 =
𝑂𝑎̂
𝑂∗ 𝑂𝑏 remains constant before and after switching the acceptors and the 𝑂𝑎 −𝑂𝑏 distance
reaches a minimum at the switching moment. Here we are interested in the translation of the
donor molecule in a flip-flop process.
In Figure 6 we have plotted the directly calculated distribution of the displacement of a water
molecule during a flip: 𝑙𝑓𝑙𝑖𝑝 = 𝑟𝑂∗ (𝑡𝑂0𝑎 ) − 𝑟𝑂∗ (𝑡𝑂0𝑎 ) where 𝑟𝑂∗ (𝑡𝑂0𝑎 )

and 𝑟𝑂∗ (𝑡𝑂0𝑎 ) are the

positions of the donor molecule at the first moment that it is H-bonded to 𝑂𝑎 and 𝑂𝑏 in the
laboratory frame, respectively. We can distinguish between the switches to an “old” or to a “new”
acceptor: an old acceptor is a molecule that has been among the last 10 acceptors of 𝐻 ∗ . The
𝑛𝑒𝑤
𝑜𝑙𝑑
𝑛𝑒𝑤
𝑜𝑙𝑑
average distances are: 𝑙𝑓𝑙𝑖𝑝
= 1.49 Å , 𝑙𝑓𝑙𝑖𝑝
= 1.04 Å and times: 𝜏𝑓𝑙𝑖𝑝
= 1.9 𝑝𝑠 and 𝜏𝑓𝑙𝑖𝑝
=
𝑛𝑒𝑤
𝑜𝑙𝑑
1.1 𝑝𝑠 and the 𝜏𝑓𝑙𝑖𝑝 introduced in the previous section is the average of 𝜏𝑓𝑙𝑖𝑝
and 𝜏𝑓𝑙𝑖𝑝
. So, we

can divide the translation of a water molecule into intra- and inter-basin diffusion, where jumping
to a new acceptor is an inter-basin and jumping to an old one is an intra-basin jump, see Figure
7. The intra-basin jumps consist of: (i) half-switch-jumps related to the failed jump and (ii) the
switches back, or “flops”. The total time that a water molecule stays in a basin is the total
1

1

switching time, 𝜏𝑠𝑡𝑒𝑝 . We will show the relation of 𝜏𝑠𝑡𝑒𝑝 to 𝑘 and 𝑘 shortly.
𝑠
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Figure 6. The displacement distribution of a water molecule during sequential H-bond switching. A single
jump can be one flip which is reversed by a flop or can be a switch to a new H-bond acceptor, which is a
big jump. For performing a big jump, the water molecule must displace more.
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Table 3. A list of the different timescales of the hydrogen bond breaking and switching, and the diffusion
of the molecules.
Description
Continuous H-bond lifetime

Symbol

Time
1

~ 300 𝑓𝑠

𝑘 𝑇𝑆𝑇
𝜏𝑓𝑙𝑖𝑝

~1.1 𝑝𝑠

1
𝑘𝑠

3.3 𝑝𝑠

1
𝑘𝑑

2.78 𝑝𝑠

Total time of breaking a hydrogen bond

1/𝑘

2.8 𝑝𝑠

Residence time55

𝜏𝑟𝑒𝑠

3.2 𝑝𝑠

One flip of a hydrogen
The overall flip-flop time when the previous pair has
left.
The overall flip-flop time when the previous pair has
not left.

the complete switch of allegiances time. (See below)

𝜏𝑠𝑡𝑒𝑝 = max (𝜏𝑟𝑒𝑠 ,

1
)
𝑘𝑠

3.3 𝑝𝑠

The jump time from a stable state picture

𝜏0

3.1 𝑝𝑠

Time to other way bonding

1
𝑘𝑜

3.6 𝑝𝑠
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Figure 7. A schematic of the diffusion of water molecules via a random walk process based on intra- and
inter-basin translational jumps. Each color represents on “basin”, thick lines symbolize large translational
inter-basin jumps, and thin lines show intra-basin jumps.

We hypothesize that the hydrogen bonding governs the translation, as well as the rotation of the
water molecules. In other words, the translational diffusion of a water molecule is the result of a
random walk process of a molecule, where the waiting time and the translational jump distance
are H-bond characteristics.122–124
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𝐷=

𝑠𝐷2
6𝜏𝑠𝑡𝑒𝑝

26

We have listed several H-bond dynamic processing times, but which one is 𝜏𝑠𝑡𝑒𝑝 ? When
a water molecule performs one diffusional step, two conditions should be met: (1) The donated
hydrogen of the molecule switches its bond acceptor, and (2) the previous pair break all possible
ways of H-bonding and none of them reforms again. When both conditions are met, one
translational step is done. The time that meeting condition (1) takes is

1
𝑘𝑠

, and it includes all the

flip-flops. To meet condition (2), all kinds of H-bonds between a pair of water molecules should
1

break, which takes 𝑘, and the water molecules must go out of the first shell and never return,
which takes an addition time of 𝜏𝐷 in Luzar model. We emphasize on the breaking of all ways of
bonding since after breaking the 𝐻 ∗ . . 𝑂𝑎 bond, the 𝑂∗ − 𝑂𝑎 pair may re-bond by donating
another hydrogen to the acceptor or swapping the donor-acceptor roles.
Simply, the first condition is about forming a new H-bond, that is explained by Laage and Hynes
and we reformulated it here, and the second condition is about breaking the previous bond and
leaving the bonding domain, explained by Luzar and Chandler.55 Based on the system, either of
the conditions can be met faster than the other one. Obviously, the rate limiting step event is the
slowest one. So, the step time is:

𝜏𝑠𝑡𝑒𝑝 = max (𝜏𝑟𝑒𝑠 ,

1
)
𝑘𝑠

27

1

where 𝜏𝑟𝑒𝑠 = 𝑘 + 𝜏𝐷 is the residence time.55 To assess the validity of using 𝜏𝑠𝑡𝑒𝑝 in eq. 27 in the
diffusion expression in eq. 26, we have plotted the diffusion coefficient versus 𝜏

1
𝑠𝑡𝑒𝑝

for different

water models including SPC/E, BK3, and a semi-classic water model called MB-POL64 under
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different temperatures or different electric fields in Figure 9. For the details of simulations see
section 2.2, and the details of water dynamics under external E-fields are explained in chapters 4
and 5. All the results follow the linear correlation between the diffusion coefficient and 𝜏

1
𝑠𝑡𝑒𝑝

,

which shows two things: first, the suggested 𝜏𝑠𝑡𝑒𝑝 is truly the random walk step time, irrespective
of the water model and the system, second, the translational jump distance is quite the same for
all the systems that we have observed. From the slope of the linear fit, we can calculate the jump
distance of 𝑠𝐷 = 2.4 Å.
The dynamics would be a combination of intra- and inter-basin movements and the jump
distance, 𝑠𝐷 , is a combination of all of them. In the extended jump model for re-orientation of
water molecules,61 the frame is like the basin: The large jumps are the intra-basin dynamics, the
rotation of the frame is the dynamics of the basin, and there is no need to see the inter-basin
dynamics since after each switch, the rotational frame changes.
The translation of a water molecule in the structural dynamics model introduced and shown
experimentally by Qvist, Schober, and Halle125 is based on the inter- and intra- basin moves. There
is no need to see the dynamics of the basin, since our frame of observation is attached to the
moving molecule, and the movement of the basin is the same as the movement of the particle.
𝑜𝑙𝑑
Our explanation is like the structural dynamics: the intra-basin jumps length is 𝑙𝑓𝑙𝑖𝑝
= 1.04 Å
𝑛𝑒𝑤
and the inter-basin jump length is 𝑙𝑓𝑙𝑖𝑝
= 1.49 Å. Our intra- and inter-basin jump lengths, are

very close to the intra- and inter- basin jumps reported by Qvist et al. 125, but the difference here
is that we calculated these values from the H-bond switching. We showed that each flip of flop is
a straight translational jump, but jumps can happen in a different angle. The overall
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displacement of a molecule after all the flip flops, is around 𝑠𝐷 = 2.4 Å and it takes
𝜏𝑠𝑡𝑒𝑝 = 3.3𝑝𝑠 for ambient water at 300𝐾.
When a switch or a “flip” happens, there is always a probability that the flip is followed by a
“flop”. But why flops happen and when do the flip-flops end? To find the answer, we have
plotted the probability distribution of the 𝑂∗ − 𝑂𝑎 distance, during the time that the 𝑂∗ − 𝑂𝑎
bond is OFF and the 𝐻 ∗ − 𝑂𝑏 in ON, in two situations: (i) if after the 𝐻 ∗ − 𝑂𝑏 bond breaks,
𝐻 ∗ − 𝑂𝑎 re-forms again, i. e. a flop happens, or (ii) if 𝐻 ∗ finds a new acceptor, say 𝑂𝑐 . The
distribution of 𝑂∗ − 𝑂𝑎 distance in the two situations has been plotted in Figure 8, showing
that for a flop to happen, the average distance of 𝑂∗ − 𝑂𝑎 cannot exceed 5.0 Å, which
happens to be close to the border of the second coordination shell of a water structure.126
Our conclusion is that, as long as a pair of water molecules are in the second coordination
shell of each other127 there is still a chance for them to re-bond, but if they move beyond the
border of the second shell, the bond reforming is statistically rare.
The average hydrogen bond distance, from the first peak of the radial distribution function is
near 2.7Å,128 and the jump distance during one switch is 𝑠𝐷 = 2.4Å, so if a pair, after all the
flip-flops, reaches to the distance of 2.4 + 2.7 = 5.3 Å from the previous acceptor, the bond
will not re-form. In other words, the inter-basin translations are those that take a water
molecule beyond the second coordination shell of its previous H-bond partner.
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Figure 8. Comparing the distribution of average 𝑂 ∗ … 𝑂𝑎 distance during the time when the 𝑂∗ − 𝑂𝑏 bond
exists in two different situations: when 𝐻 ∗ will return to 𝑂𝑎 or when 𝐻 ∗ switches to a new acceptor. There
is a clear difference between these distributions, and the pairs that are going to re-form again, do not
separate more than 5 Å when the bond between them is OFF.

We have also plotted the Laage and Hynes rotational waiting time, 𝜏0 , and H-bond dynamic time,
1/𝑘 versus diffusion in Figure 10. As we explained before, the waiting time that is calculated from
a stable state picture, is a summation of the flip-flops and jump times. For a wide range of
simulations, including polarizable, non-polarizable, and semi-classic water models and water at
different temperatures or under different external electric fields, we have observed that
𝜏0 ≈ 𝜏𝑠𝑡𝑒𝑝 . As we explained before, the major drawback of using the stable state approach, is
that we neglect the details of H-bond flip-flops, which can play an important role in specific
systems.129 In the chapters 5 and 6 we bring two examples: For water molecules under static Efield, H-bond switching is more time consuming because of the re-orientation restrictions
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Figure 9. The correlation between the diffusion coefficient and the different H-bond breaking and reforming rate constants. The
Paesani results are calculations using the MB-pol185 water model using the trajectories that Paesani group shared with us. The
fitted line can pass through (0,0) or can have a Y-intercept. Having a Y-intercept means that when the translational diffusion is
zero, the molecules can still re-orient a little bit.
1

imposed by E-field, so 1/ 𝑘𝑠 is bigger than 𝑘 + 𝜏𝐷 , and under alternating E-fields, the H-bonds
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1

1

switch fast but the molecules do not have time to separate, so 𝑘 + 𝜏𝐷 > 𝑘 .
𝑠

Another point to clear up is the difference between the two perspectives: Luzar and Chandler’s
model is about a pair of water molecules, while in this research, like the Laage and Hynes model,
we worked with a tagged hydrogen, which is only one, out of four130 ways of having an H-bond
between a pair of water molecules. What is the probability that the pair reform an H-bond in any
of the other three ways after switching the first bond? The probability of other-way-bonding can
be calculated from:
𝑛𝑂 = 𝑐(𝑡) − 𝑐𝑡 (𝑡)

28

In Figure S 7 we show that the probability of the “other-way re-bonding” increases with time and
has a maximum around 6 𝑝𝑠. The other-way-re-bonding time is just a little longer than switching
time, so these two processes: switching 𝐻 ∗ to 𝑂𝑏 and forming a new bond between 𝑂∗ and 𝑂𝑎
can happen simultaneously.
Finally, we comment about the coupling of translation and rotation131 of water molecules: As

Laage et al. explain, the rotation of water molecules is the result of the re-orientational
jumps during switching of H-bond acceptors. We also showed here that the translational
diffusion of water molecules happens during the jump like displacement of molecules
during switching of H-bonds. So, hydrogen bonding governs and couples the rotation and
translation of water molecules.51
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This coupling breaks in two extreme cases: (1) When the number of hydrogen bonds per
water molecule drops significantly, say less than three at high temperature, where water
molecules are freer to rotate and translate without switching the H-bond allegiances. And
(2) when the switching of a H-bond is not possible, for example for water under strong
static electric field when water molecules still can rotate perpendicular to the field
direction but cannot find any new acceptor to switch the bond. We will explain this in the
next chapter. Another example is supercooled water when the roto-translational coupling
is not broken,132 but because of the structural constraints, the broken bond water
molecules cannot diffuse away.133

Galamba explains how it happens:134 as the

temperature goes down, the waiting time for reforming is longer than the waiting time
for switching. This happens because the proton cannot find a nearby acceptor to switch
and diffuse, instead, it reforms to the previous acceptor, i. e.; the probability of a flop
increases and the probability of a jump decreases.

3.3. Reconciliations with other descriptions

The dynamics of hydrogen bonding have been studied from different viewpoints,62,135 and
it is widely accepted, and experimentally shown136 that switching of a H-bond takes place
during a very fast, less than 100 𝑓𝑠, angular jump after a considerable waiting time, 2 −
3 𝑝𝑠.117,119 The waiting time before breaking and switching of a hydrogen bond is also
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shown to be more than 2 𝑝𝑠.137 The effect of the fast switching events on the rotation of
the water molecule is extensively investigated.138 The difference between the method
that we introduce in this research and the method that is used by Laage and Hynes, is that
they see a switch back as a brand-new switch,61 and they remove the re-crossings of the
switching barrier by using a stable state picture, while we calculate the switching time
after all re-crossings.
𝑗𝑢𝑚𝑝

Laage and Hynes, in other research, show that the translational jump time is 𝜏 𝑇

=

0.55 𝑝𝑠.139 They assume that every rotational jump happens with a translational jump,
𝑗𝑢𝑚𝑝

and since a water molecule has 4 hydrogen bonds, it takes

𝜏𝑅

4

=

3.1
4

𝑝𝑠 = 0.78 𝑝𝑠 for a

water molecule to perform a translational jump. The point is that a water molecule does
not need to re-orient with a jump when it changes a H-bond donor, so the re-orientational
jump happen every

3.1
2

= 1.5 𝑝𝑠. Instead, every flip can cause a translational jump, and

hence a translational jump happens every

τ𝑓𝑙𝑖𝑝

2

= 1.1

𝑝𝑠
2

= 0.55 𝑝𝑠 which is in good

agreement with the simulation and experiment results.139
In Figure 10 we have compared the diffusion step time, 𝜏𝑠𝑡𝑒𝑝 and the jump time, 𝜏0 . Please
note that these two times are calculated from completely different perspectives: 𝜏𝑠𝑡𝑒𝑝 is
the total time of one H-bond switch and a separation of a pair. On the other hand, 𝜏0 is
the time for one stable switch. We can see from this figure that 𝜏0 ~𝜏𝑠𝑡𝑒𝑝 and it means
that a switch is stable only when the previous pair have been separated.
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Kawasaki and Kim67 have talked about the correlation between the diffusion coefficient
and the hydrogen bond lifetime for water at different temperatures. Here we explained
the mechanism of such correlation, and we calculate the H-bond lifetime from the
dynamics of single water molecules, not from the relaxation of the total number of
molecules. They mention that the reason of Stokes-Einstein violation59,140 is a caging
effect66 at a low temperature. In our picture, the molecules may get trapped when they
cannot find a new acceptor and do more flip-flops in the basin. We show a similar
situation of water under static external E-field, see the next chapter. The correlation of
the hydrogen bond dynamics and translational diffusion has been observed in several
studies.125,132,141–143 Here we show the mechanism of this correlation from the hydrogen
bond dynamics point of view. In fact, switching the H-bond is what correlates the rotation
and translation of water molecules.

Figure 10. Reconciliation of the Laage and Hynes model and our suggested step time,
eq. 27, for SPC/E, BK3, SWM4-NDP, and MB-pol water models.
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3.4.

Conclusions

We showed that the H-bond breaking in Luzar and Chandler model,51 mostly coincides with a
switching of the H-bond acceptor. The H-bond switching can be calculated using a reactive flux
method which is in a good agreement with the SSP model results that applied at established Hbond definition but depends less on the H-bond criteria. The characteristic waiting time and
distance of the random walk diffusion of water molecules are determined by the hydrogen
bonding. The dynamics of hydrogen bonding determines both the translation and rotation of
water molecules, resulting in the correlation between the translational and rotational diffusion
coefficients.
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Chapter 4. Water under Static Electric Fields
The behavior of water molecules under external electric fields has been the subject of many
experimental and computational studies: Application of an external electric field can impose
significant changes on properties like density3,4,17,30 diffusion,144 viscosity,10,145

and

permeability13 of water in bulk47 and confinement.146 A direct current (DC) can generate a static
electric field in a capacitor, so, traditionally we call a static E-field a DC field.
In pure water, the effect of an external electric field is an alignment of water dipole moments
with the direction of the E-field. Water molecules can have up to 4 stable hydrogen bonds, and
since the hydrogen bonds are strongly directional70, the behavior of water under an electric field
is non-trivial even for pure water in bulk.20,21,25,28,37,38,41,147,148
In this research, we measure the effects of the external E-fields on the dynamics of water
molecules using the phenomenological model of hydrogen bonding introduced by Luzar and
Chandler,51 the extended jump model for the molecular rotation introduced by Laage and
Hynes,61 and our generalized framework described in chapter 3. We have explained the Luzar
and Chandler model in section 1.2.1, and the Laage and Hynes model in section 1.2.2 and the
details of the simulations are explained in section 2.1. We use a range of electric field strengths
of 0 − 0.2 𝑉/Å, not much smaller than 0.01 𝑉/Å since the effects will not be observable, and

not much higher then 0.2 𝑉/Å since a water molecule dissociates at higher E-field.32
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We have examined several structure functions, and as we have seen in the previous works,27,149
the tetrahedral structure remains almost unchanged under static E-fields, while water becomes
anisotropic and the change in the structure is observable in a plane perpendicular to the E-field
direction. Then we look at thermodynamic properties of water under the static E-fields where we
show that the energy landscape of hydrogen bonding cannot be interrupted under the range of
E-fields that we apply. The dynamics of water molecules, however, slows down and we can see
this slowing down in the translation and re-orientation of water molecules, and H-bond breaking
and switching rates. Finally, we discuss the connections of the observed phenomena and we
assess the theories that we developed in chapter 3 on water under static E-fields.

4.1.

Structure

The dipole moment vector of a water molecule tries to align with the direction of the external Efield. In this section, we are interested in the average structure of water, not only one cluster of
molecules.38 Specifically, the question that we want to answer is: how will the tetrahedral
structure of water resist the E-field induced alignment of water molecules? And how will the
hydrogen bonds arrange when the molecules are forced to align with the E-field direction.
The average alignment of water molecules can be calculated from:30
⟨cos(𝜃𝑧 )⟩ =

𝑝𝑧
𝑝⃗

29

where 𝜃 is the angle of water dipole moment vector, 𝑝⃗, with the direction of the electric field, 𝑧.
This average is plotted in Figure 11 showing that in the presence of a static E-field, the alignment
increases almost linearly up to 0.03 𝑉/Å where ⟨cos(𝜃𝑧 )⟩ reaches to 0.65.28 Then, the alignment
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increases at a lower rate and reaches to near 0.8 under 0.1 𝑉/Å where water alignment is
saturated and the alignment never reaches 1.0.

Figure 11. The average of the angle of the water dipoles and water molecule bisector vectors with the Efield direction. Below 𝐸 = 0.05 𝑉/Å, the increase in the alignment is significant. The rate of the alignment
of water with the field is almost negligible beyond 𝐸 = 0.1 𝑉/Å.

The above results show that with fields weaker than 0.03 𝑉/Å there is little resistance of the
water structure against alignment.50,150 However, a strong state of saturation sets in at the
alignment of more than 0.65 under stronger E-fields.151 The system is at the room temperature,
300 K, and water molecules continue to re-orient and break their H-bonds,35 and they continue
to deviate from a full alignment to keep their dynamics, and that is why alignment never gets to
100%.
In Figure 12 we have plotted the distribution of the angle of the dipole moment of water
molecules and the intra-molecular 𝑂 − 𝐻 bonds with the field direction under different static Efields.145 There are differences between the two figures: For the dipole moment distribution plot,
increasing the field strength continuously shifts the maximum to the smaller angles and reduces
the standard deviation, which simply means a stronger alignment of water molecules with the
field direction.
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The distribution of the angle of the intermolecular O-H bonds behaves differently: Under the
electric fields stronger than 0.05 V/A, the most probable angle does not change dramatically, but
only the distribution narrows down. This is because a water molecule has two intramolecular
𝑂 − 𝐻 polar bonds, if one of the 𝑂 − 𝐻 bonds aligns more, the other one would be less aligned.
Hence, the intermolecular bonds settle into a compromised angle with the E-field direction.
However, the distribution of 𝑂 − 𝐻 angles is broader than that of the dipole’s angles. This means
that even under the highest electric fields, water molecules are still free enough to re-orient. We
will show later in this thesis that this is because of the energy-entropy competition: a narrower
distribution of the 𝑂 − 𝐻 angle results in decreasing of the entropy of H-bond breaking, Figure
22, while the energy of the system also increases, Figure 22.

Despite these limitations on the molecular re-orientations, we will show that the main
features of the structure of water are preserved under even very strong E-fields.152 To
assess this, we look at some structural properties of water: the radial distribution
̂ ,153 tetrahedral order parameter called 𝑞,
function, g(r), the triple angle distribution 𝑂𝑂𝑂
the second layer the tetrahedral order parameter, called 𝑄6 , and at the end, we observe
the spatial distribution function, SDF.
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Figure 12. (Left) The distribution of the angle of water dipole moments with the E-field direction. Like the
average alignment of dipole moment that increases dramatically bellow 0.05 𝑉/Å , the position of the
distribution shifts to the higher angles. (Right) the intramolecular OH bond angle distribution with the Efield direction. After 0.05 𝑉/Å, the maximum of the probability distribution does not shift, but the
distribution gets narrower.

4.1.1. The radial distribution function
The three radial distribution functions of water: oxygen-oxygen 𝑔𝑂𝑂 (𝑟), oxygen-hydrogen
𝑔𝑂𝐻 (𝑟), and hydrogen-hydrogen 𝑔𝐻𝐻 (𝑟) under external E-fields is plotted in Figure 14. This figure
shows that the radial structure around a water molecule slightly changes under E-fields, and this
is in agreement with the reported results.19,145,150,154 This shows that the applied E-fields, only
change the direction of water dipole moments, and the tetrahedral structure is compatible with
a highly-aligned water system.
However, other distance distribution functions can help us to understand the structure of a bulk
of aligned water molecules. We can look at the cylindrical distribution function: 𝑔(𝑙∥ ) where 𝑙 is
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the cylindrical distance to the central molecule in the 𝑥 − 𝑦 plane, and 𝑔(𝑙⊥ ) is the same
cylindrical distribution function, but in 𝑥 − 𝑧 or 𝑦 − 𝑧 plane.
The 𝑔(𝑙⊥ ) functions show a significant change of structure in each direction while the overall
change is averaged out in 𝑔(𝑟). Under the strongest E-field where almost all the water molecules
are aligned, the height and the distance of the first peak of 𝑔(𝑙⊥ ) has slightly changed, while its
second peak is higher and in a longer distance. This shows that water in the 𝑧 direction has been
layered in the second shell under the E-field. For 𝑔(𝑙⊥ ), the height of the first peak has decreased
dramatically, while its distance is not changed under the field. Moreover, the height of the second
peak increases and it has been shifted to a closer distance. This implies that in the 𝑥 − 𝑦 plain
the water is structured by pushing the closest neighboring molecules away and having more
order in the second coordination shell. We hypothesize that the second peak of 𝑔(𝑙⊥ ), is related
to the molecules that share a common H-bond partner.
To assess the above hypothesis, we have plotted the distribution of the elements of the 𝑂𝑎 − 𝑂𝑎
vectors in Figure 15, where 𝑂𝑎 ’s are the H-bond acceptor oxygens of a central molecule. We
explain our hydrogen bond criteria in section 4.1.6. Under zero field, we see absolutely no
preference in the direction of the ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑂𝑎 − 𝑂𝑎 . Under the strongest field, however, we see that the
two acceptors are mostly in the same 𝑧 level, and the most probable distance of the acceptors
in the 𝑥 − 𝑦 plane is near 4 Å, which is the same distance of the second peak of 𝑔(𝑙). This

layering can be seen as formation of water clusters under the different external static Efields.38,155
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Figure14.
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The effect of an E-field is changing the direction of the water molecules, and RDF is not a
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directional function, i. e., 𝑔(𝑟) averages all the neighboring molecules that have a distance of 𝑟
to the central molecule. So, the conservation of 𝑔(𝑟) under E-fields, can mean that the
tetrahedral structure of water molecules has not changed, but it has just been re-arranged. The
aligned structure is therefore layers of water molecules perpendicular to the E-field direction. In
the 𝑥 − 𝑦 plane, the system becomes anisotropic: the first peak has decreases, and the second
peak has come closer, and the first and the second peak seems to be in the same height.

Figure 15. The distribution of the 𝑂𝑎 − 𝑂𝑎 distance in the 𝑥 and 𝑧 directions. This plot shows that with
increasing the static E-field, the 𝑧 component of the 𝑂𝑎 − 𝑂𝑎 distance goes toward shorter distances,
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meaning that acceptors are almost in the same plane. In such a plane, the H-bond acceptors of the same
molecule keep the distance of ~4 Å.

4.1.2. Tetrahedral order parameter
The first tool for calculating tetrahedrality is the tetrahedral order parameter calculated by156:
3

4

3
1 2
𝑞 = 1 − ∑ ∑ (𝑐𝑜𝑠𝜓𝑗𝑘 + )
8
3

30

𝑗=1 𝑘=𝑗+1

∗
∗
where 𝜓𝑗𝑘 is the 𝑂̂
𝑖 𝑂 𝑂𝑗 angle and 𝑖 and 𝑗 are the nearest neighbors of the central molecule 𝑂 .

An increase in 𝑞 is required but not sufficient to prove the increase in tetrahedrality.157 The
results show that the tetrahedral structure has not changed under the static E-fields, see
Appendix 1. We will show this conclusion again in the next section by plotting the triple oxygen
angle distribution function.
We see that the tetrahedral structure of water is preserved when molecules are highly aligned.
We proceed to evaluate the tetrahedrality in the second coordination layer, and we calculate the
second layer structure order parameter158:

𝑚=6

𝑁

𝑞6 =

1
2

1
4𝜋
∑[
∑ |𝑌̅6𝑚 |2 ]
𝑁
2×6+1
𝑖
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𝑚=−6

Where 𝑌̅6𝑚 is the average of 6𝑡ℎ spherical harmonic over 12 nearest neighbors of the central
molecule. This time, see Appendix 1, we observe absolutely no change in the 𝑞6 parameter in the
presence of the E-fields. This implies that a high alignment of water molecules does not make
any crystal lattice structure like fcc or bcc at 300K.
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4.1.3. Triplet angle distribution
Another well-known method for calculating the tetrahedrality of the system is plotting oxygen
triplet angle distribution,159 which is the distribution of the angles that nearest molecules make
with the central oxygen153:
𝑁 𝑛𝑖 −1

𝑛𝑖

𝑟𝑖𝑗 . 𝑟𝑖𝑘
1
〈∑ ∑ ∑ 𝛿 (cos 𝜃OOO −
𝑃(cos 𝜃OOO ) =
)〉
𝑁(𝑛𝑖 − 2)
|𝑟𝑖𝑗 | |𝑟𝑖𝑘 |
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𝑖=1 𝑗=1 𝑘=𝑗+1

where 𝑁 is the number of molecules, 𝑛𝑖 is the number of nearest neighbors of the central
molecule inside the first coordination shell, and 𝑟𝑖𝑗 is the vector connecting oxygen 𝑖 to oxygen 𝑗.
The first peak in this function shows the “tetrahedrality” and the second peak is related to the
interstitial molecules, see Figure 16. The angle of the tetrahedral peak reduces by almost 3%,
and the height of that peak increases by less than 5% under the highest electric fields. Unlike 𝑞
which only shows angular tetrahedral order and not translational order, the triplet angle
distribution function is calculated by connecting the closest neighbors in the first coordination
shell, so it shows angular as well as radial order.
As we show in section 4.1.6, the coordination number and the number of hydrogen bonds of
water does not change dramatically under static fields, so the closest molecules stay at the Hbonding positions, and the triple oxygen tetrahedral parameter does not change. Since the Hbond donors and acceptors will not be in the 𝑥 − 𝑦 plane, the planar structural changes that we
mentioned in the previous section will not be projected in this function.
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Figure 16. Triplet angle distribution function OOO in the presence of three water models under static
electric fields.

We hence conclude that the tetrahedrality of water molecules is not changed under the applied
external static electric fields, while the number of interstitial molecules is reduced by 7% under

Figure 17. (Left) Distance-dependent orientational correlations in SPC/E water (solid lines), BK3 (dashed
lines), and SWM4-NDP (dotted lines) under no field and under 𝐸 = 0.1 𝑉Å−1 . All models behave
qualitatively similar, although BK3 water molecules are stronger correlated than in other models.
(Right): A schematic illustration of a possible configuration of H-bonded (2, 3) and non-H-bonded (4)
water molecules. Molecule 4 is located at the boundary of the second coordination shell, lacking angular
preferences due to H-bonding, which makes it relatively free to rotate.
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the strongest E-field. This is an important result to understand the effect of the static E-fields on
HB dynamics since the less interstitial molecules means that fewer molecules are available for
hydrogen-bond switching process.

4.1.4. Average Orientational Correlations

It can be insightful to look at distance-dependent average orientational correlations measured
using the water angle bisector vector 𝑑⃗:160,161

𝑔𝑑𝑑 (𝑟) =

〈𝑑⃗(0)𝑑⃗(𝑟)〉
,
〈𝑑〉2
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where 𝑑̂𝑖 is the direction of the dipole moment of molecule 𝑖. The long-distance value of 𝑔𝑑𝑑 (𝑟)
measures the average alignment of water molecules, which we calculated directly in in Figure 11.
The interesting point is the second peak of alignment in the ambient water, the blue line in Figure
17 (left) which vanishes under static E-fields. This peak is because the energetically ideal
configuration of two dipoles is head-to-tail alignment like molecules 1 and 4 in Figure 17 (right).
But this alignment can be faded because the molecules are connected by a chain of H-bonds, and
the H-bonds forces the molecule to have other directions. Once the molecules go beyond the
second coordination shell, there is a higher probability that the at least one bond in the chain of
H-bonds between them is broken, so they are free to have the head-to-tail configuration. Under
higher E-fields, the molecules are already aligned with the E-field, so the peak vanishes.
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4.1.5. Spatial Distribution Function
From the results presented above, we learn that under the static E-fields: the tetrahedral
structure of water inside the first coordination shell and the average number of molecules in each
distance from a central molecule do not change, and water is more anisotropic. Now, we can
observe these structures visually by looking at the spatial configuration of the neighboring
molecules around a tagged water molecule.126,162 The coordination system of the SDF plot is
based on the central water molecule: 𝑥 axis is in the direction of one intra-molecular 𝑂 − 𝐻 bond,
the 𝑧 axis is parallel to the cross product

A

B

Figure 18. The spatial distribution function of SPC/E water in the first(left) and the second (right) shell for no
field (blue) and 𝐸 = 0.2𝑉/Å (red). Both plots for the first shell have an average iso-value density of 1.3 and for
the second shell, the density iso-value is 1.8. The central molecules is added to show the relative positions of
the lobes to a water molecule. In the first shell, the strong E-field does not change the probable position of the
H-bond accepting molecules, but the positions of the H-bond donor molecules are more restricted. In the second
shell, however, the shape of the density profile is more different under the strong static E-field.
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of x axis and the other intra-molecular 𝑂 − 𝐻 bond, means perpendicular to the 𝐻 − 𝑂 − 𝐻
plane, and 𝑦⃗ = 𝑥⃗ × 𝑧⃗.
Inside the first shell, we see four lobes: two related to the positions of H-bond acceptors, and
two lobes related to the positions of the H-bond donors. The former lobes are more
distinguishable than the latter ones. Inside the first shell, the spatial distribution function hardly
changes under static E-fields, neither the shape nor the position of the lobes. The only difference
is that the two lobes that are related to the hydrogen bond donors are more distinct under our
strongest E-field, but this has a small effect on the tetrahedral structure since the main lobes
have not shifted.
In the second shell, the most probable positions of the neighboring molecules are off-above the
lobes in the first coordination shell. According to Laage and Hynes,163 the molecules in the second
shell are the possible next H-bond acceptors that can enter the first shell to accept a proton and
form a H-bond. These molecules also can be the molecules that have lost their H-bond and have
left the first shell. The latter group, however, still have a chance to return to the first shell and
take the previous H-bond back.
The electric field is more influential in the second shell. This is because the electric intermolecular
interactions around the central molecule inside the first shell are stronger than the external field
force, making the field less effective.
Under our strongest E-field: 0.2 𝑉/Å, the water molecules highly align with the field, so the 𝑥 −
𝑦 plane of the SDF plot is almost perpendicular to the 𝑥 − 𝑦 plane in the laboratory frame. We
can see a relatively higher density at a smaller distance to the central molecule in the 𝑥 − 𝑦 plane
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(laboratory frame) in area 𝐵 in. This area is related to the neighbors in the second shell that are
H-bonded to a common acceptor.126 This agrees with the cylindrical distribution 𝑥 − 𝑦 plane,
Figure 14, where the second peak of 𝑔(𝑙⊥ ) is higher and at a relatively shorter distance. Since a
water molecule re-orients to exchange the hydrogen bond mostly in the 𝑥 − 𝑦 plane, the possible
new acceptors are mostly positioned above the central molecule, area 𝐴.

4.1.6. Number of H-bonds
Here we assess our theory more in depth, but in the first step, we count the number of hydrogen
bonds.
Before starting, we need a definition of a hydrogen bond. We use the geometric criteria for
calling a pair of water molecules H-bonded.120 According to Figure 19, in near 70% of the
hydrogen bonds, the 𝐻 -̂
𝑂∗ -𝑂𝑎 angle is less than 30 degrees, so we take it as a hydrogen bond
cut off angle. The acceptor also needs to be in the first coordination shell of the central molecule,
which is 3.5 Å according to the radial distribution function, Figure 14. In such a triangular, the
maximum 𝐻 − 𝑂𝑎 distance is 2.4 Å. In the EJM section we use a restricted H-bond criterion
∗ -𝑂𝑎 = 30° , 𝑑 ∗
̂
which is 𝐻-𝑂
𝑂 −𝑂𝑎

< 3.1Å and 𝑑𝐻−𝑂𝑎 < 2.0 Å.

According to Figure 19, in the presence of the static electric fields, the number of hydrogen bonds
as a function of the cutoff angle slightly increases, but in all the cases, near 70% of the bonds
are within the 30 degrees cutoff angle. It means that the hydrogen bonds are not stretched to
keep their bonds when the molecules are aligned.150 In section 4.2 we see this conclusion again
by showing that the water-water interactions do not change in the presence of a static electric
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field, and since a huge percent of the interaction energy between a pair of water molecules is
related to hydrogen bonding, we conclude that the hydrogen bonding does not change.

Figure 19. The Relation of the average number of H-bonds to the angular hydrogen bond criterion. The Efields do not make any significant difference, so we stay with our traditional H-bond criteria when we study
for SPC/E, BK3, and SWM4-NDP water models under static E-fields.

In Figure 20, we show that the number of H-bonds per water molecule under different electric
𝑉

fields changes around 1%49,50,150,164 under the strongest E-field of 0.2 Å.
Similarly, the total number of neighbors in the first coordination shell of water molecules, simply
called the coordination number decreases by only 1% after 0.05 𝑉/Å. According to Luzar's
model, the coordination number, 𝑛𝑐 , plotted in Figure 20 is the number of accessible neighbors
for forming an H-bond. A lower coordination number around a water molecule is the result of a
higher number of hydrogen bonds. Under a strong electric field, however, we do not see any
change in any of them. This result is in agreement with a very subtel change of the structure,
implying that the alignment of water molecules with the E-field is compatible with the hydrogen
bond tetrahedral structure. In section 4.3 we will show that unlike the structure of hydrogen
bonds, the dynamics of hydrogen bonds is significantly influenced under E-fields.
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Figure 20. (left) number of H-bonds and (middle) coordination number which is the total number of
neighboring molecules within the first coordination shell of a molecules, 3.5Å . Despite the trend, the
overall change of both values under DC fields is negligible: less than 1%. (right) The percentage of the
water molecules that have a specific number of H-bonds. There is a very slight increase and decrease in
the percent of the molecules with a higher and lower number of bonds respectively under the E-field of
0.2 𝑉/Å, but the overall change in the number of H-bonds is negligible.

4.1.1. Structure of polarizable models

The imposition of an electric field does not only align water molecules, but polarizes them as
well. Here, we examine the field-induced change in the dipole moments of our polarized water
models (Figure 21).
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Figure 21. The change in the dipole moment of
BK3, and SWM4-NDP water molecules under static
electric fields. The dashed, red line shows how the
dipole moment of BK3 water molecules deviates
from a linear trend.

The reported static dipole moment and polarizability volume of BK3 water are 𝜇𝐵𝐾3 = 2.64 D
and α𝐵𝐾3 = 1.44 Å3 , respectively.99 Within the linear response regime, the predicted change in
the dipole moment upon application of an electric field of strength 0.2 VÅ−1 ,
Δ𝜇𝐵𝐾3 , should be ~0.1 D , which is ~4% while our results suggest that the dipole moment
changes by ~7%. While the low field polarizability resembles that of real water, the use of a
suppressed, field-dependent polarizability has been suggested to alleviate the nonphysical
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increase of the dipole moment at stronger E-fields84, however, the proposed correction becomes
significant only at fields well above the strongest field considered in our work.
With the SWM4-NDP model, on the other hand, α𝑆𝑊𝑀4−𝑁𝐷𝑃 = 1.5 Å3 and 𝜇𝑆𝑊𝑀4−𝑁𝐷𝑃 = 2.64 D
suggesting a change of Δ𝜇𝑆𝑊𝑀4−𝑁𝐷𝑃 = 0.065 D , which is 2.65% and agrees well with our
observed change of 2.59%.

4.2.

Thermodynamics

We conclude that from the static point of view, H-bonds are very resilient to the change under a
static E-fields. Here we study the change of the energy of the system.
A useful approach would be calculating the water-water part of the potential energy. This waterwater part, or cohesive energy, is the total interaction energy between the molecules and is equal
to the total potential energy of the system minus the water-E-field interaction energy151 Δ𝑈 =
𝑃̂. 𝐸̂ :
〈ΔEcoh 〉 = 〈ΔEpot − Efield 〉.
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By calculating Δ𝐸𝑐𝑜ℎ in this way, we can see if the H-bond network is energetically weaker in the
presence of the field or not. Our result in Figure 22 confirms that the intermolecular energy of
the system does not change substantially in the presence of an E-field. This means that the
hydrogen bonds are not under stress while they keep their H bonds when the molecules are
aligned with the E-field. This agrees with the static picture in Figure 20 that an H-bond angle is
not affected by the presence of the DC fields.
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Figure 22. The change in the energy of the system under static E-fields. We see that the main change in
the energy of the system is due to the change of the interaction of the field with water molecules. The
change in water-water energy (cohesive energy, black line) is less than 2%.
𝑘𝐽

Water thermal intermolecular energy is of the order of 𝑘𝐵 𝑇 = 2.5 𝑚𝑜𝑙 . When the imposed
energy of the electric fields is higher than the rotational energy of water molecules,165 the water
dynamics is suppressed, means the molecules hardly can rotate and break the hydrogen bonds,
and the dynamics of water molecules would be slower. We will explain this process in section
4.3.1. The significant changes in dynamics, for example in the hydrogen bond rate constants: 𝑘
V

and 𝑘′, are observable at the electric fields stronger than ≈ 0.05 Å, and this is almost the electric
field that the water-E-field interaction energy exceeds 𝑘𝐵 𝑇.
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We can also interpret the change in the number of hydrogen bonds by calculating the standard
free energy, Δ𝐺 ° of formation of an H-bond from the probability of bond formation. This
probability is the total number of H bonds divided by the total possible stable number of H-bonds:
∘

𝑒 −𝛽Δ𝐺
𝑟 = −𝛽ΔG∘
𝑒
+1
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The maximum number of stable H-bonds is equal to 4. In Figure 20, we have shown the
distribution of the number of hydrogen bonds; we see that the probability of having the 5th Hbond is very small. This is because the 5th bond is an unstable bifurcated bond that happens
during a H-bond switching.61 So, we set the maximum number of H-bonds to four and 𝑟 =

𝑛𝐻𝐵
4

.

The number of H-bonds for different E-fields are plotted in Figure 20, and the entropy of bond
breaking can be calculated using the above-mentioned free energy: 𝑆° = −𝑑𝐺 ∘ /𝑑𝑇. Figure 22
shows the change of the entropy of the hydrogen bonding with the strength of the static electric
field. The alignment of water molecules is not entropically favorable, since the entropy is
decreasing under the static fields. We also observe that above the alignment is not energetically
favorable either, so the alignment remains only under strong E-fields and relaxes rapidly after
removing the E-field.
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Figure 23. Changes in average cohesive and electric
field energy of the system, 〈∆𝐸𝑐𝑜ℎ 〉 and 〈𝐸𝑓𝑖𝑒𝑙𝑑 〉, with
and electric field for various water models. For 𝐸 = 0,
𝑆𝑃𝐶/𝐸

𝐸𝑐𝑜ℎ

𝐵𝐾3
= −46.6 𝑘𝐽 𝑚𝑜𝑙 −1 , 𝐸𝑐𝑜ℎ
= −43.4 𝑘𝐽 𝑚𝑜𝑙 −1 ,

𝑆𝑊𝑀4−𝑁𝐷𝑃
and 𝐸𝑐𝑜ℎ
= −43.3 𝑘𝐽 𝑚𝑜𝑙 −1

4.3.

Dynamics

4.3.1. H-bonds dynamics
In the Luzar and Chandler model,51 see section 1.2.1, the hydrogen bonding and un-bonding
states of a pair of molecules interconvert with each other with rate constants 𝑘 and 𝑘′
respectively. To measure the dynamics of H-bonding using the Luzar and Chandler model, and
switching of H-bond dynamics using the phenomenological relation suggested in section 1.2.1
under the static E-fields, at first, we need to see how these models works in the presence of an
electric field. In Figure 24 we have plotted the correlation functions for both models under the
static field of 0.2 𝑉Å−1 and as we see, the correlation plots are good enough and we can calculate
the rate constants from them.
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Besides, under the strongest E-fields, the rotation of water molecules can only happen in the
𝑥 − 𝑦 plane.115
In the next step, we look at the hydrogen bond rate constants. In the presence of the static E−1

fields weaker than 0.05 𝑉 Å

, the change in the rate constants of H-bond breaking, 𝑘, and

reforming, 𝑘 ′ , is insignificant. This means that in this E-field range, and while water molecules
show no resistance against alignment, the electric field imposes no limitation on the breaking
and reforming of the hydrogen bonds.

Figure 24. Hydrogen bond kinetics correlation plots. For classic model, red lines, showing the best fit
between 𝑘(𝑡) (y-axis) and 𝑘 𝑐(𝑡) − 𝑘 ′ 𝑛(𝑡) (x-axis) to find the rate constantst 𝑘 and 𝑘 ′ . For the new
model, the blue lines shows the best fit between 𝑘𝑠 (𝑡) (y-axis) and 𝑘𝑠 𝑐(𝑡) − 𝑘𝑠′ 𝑛𝑠 (𝑡) (x-axis) to find
the a pair of rate constants 𝑘𝑠 and 𝑘𝑠′ .in SPC/E (left), BK3 (middle) and SWM4-NDP (right) for zero
field (top) and 𝐸 = 0.1 𝑉/Å (bottom).
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The hydrogen bond lifetime highly depends on the temperature. Temperature determines how
fast molecules librate and break the hydrogen bonds. But in this research, the temperature is
kept constant, so the short time librations of molecules are mostly unchanged. The breaking of
H-bonds due to the fast librations can be seen in the very short time, < 300𝑓𝑠, behavior of 𝑘(𝑡)
function in Figure 27. The continuous lifetime of a hydrogen bond depends highly on the
𝐻𝐵
librations of water molecules and can be calculated from 𝜏𝑐𝑜𝑛𝑡
=𝑘

1
𝑇𝑆𝑇

. In Figure 27 we have also

𝐻𝐵
calculated 𝜏𝑐𝑜𝑛𝑡
and we show that the overall short time behavior of water molecules change

less than 1% under the E-field of 0.2 𝑉/Å compared to zero field. This clearly shows that the
ability of a strong E-field to limit the librations of the molecules cannot be the sole reason of the
change in the dynamics of water under E-fields. This is because the internal E-field of the partial
charges of water molecules is huge in a close distance, and the external E-fields that we apply are
way weaker than these E-fields.166
The reason for the increasing the H-bond lifetime under static E-fields is the increase in the
number of re-crossings per H-bond breakings, 1/𝜅 . In other words, under the E-fields, when a
hydrogen bond breaks, there is a higher probability that the bond reforms, and a lower
probability that the H-bond switches, as compared to no field, see Figure 27. The reason is that
under the strong E-fields, finding a new nearby H-bond acceptor is more difficult for a hydrogen
than under zero field. Hence, the broken bond reforms instead of switching. We will show this
more specifically in section 4.3.3.
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In Luzar’s model, two dynamics with close specific times are distinguished: inside the first
coordination shell, the rotation of water molecules determines the hydrogen bond kinetic rate
constants 𝑘 and 𝑘′, and the diffusion of water molecules, with the characteristic time of 𝜏𝐷 ,
determines how fast water molecules exit the first shell after breaking the H-bond. The 𝑘𝑖𝑛 (𝑡)
function, eq. 11 measures the relaxation of H-bonds inside the first coordination shell and 𝑘(𝑡)
measures the hydrogen bond dynamics in and out of the first coordination shell. To find the

Figure 25. k(t) (left) and 𝑘𝑖𝑛 (𝑡) (right) functions (black line) along with the analytic line (red line) calculated
from eq. 10 and eq. 11 using the rate constants 𝑘 and k’ calculated from the correlation plots, Figure 24, and
fitted the best value of 𝜏𝐷 . The qualitative agreement does exist between the model and the. The results for
BK3 and SWM4-NDP water are in Appendix 6.
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diffusion time, we need to try different 𝜏𝐷 in eq. 10 until we find the best value that fits 𝑘(𝑡) and
𝑘𝑖𝑛 (𝑡) at the same time. These functions have been plotted in Figure 25 for a specific 𝜏𝐷 .

Figure 26. The rate constants of hydrogen bond breaking 𝑘 and switching 𝑘𝑠 (top, left), as
well as the rates of H-bond reforming, 𝑘 ′ and switching back 𝑘𝑠′ (top, right) for three water
models under electric fields ranging from 0 to 0.2 𝑉Å−1 . Bottom panels: The percentual
change of the same quantities. Lines are meant to guide the eye.
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Figure 27. (Top) The transient time behavior of 𝑘(𝑡) under the different static E-fields. This plot
shows that the librations of water molecules do not change under static E-fields. (Bottom left) the
𝐻𝐵
numeric value of 𝜏𝑐𝑜𝑛𝑡
= 1/𝑘 𝑇𝑆𝑇 versus E-fields. We still see minimum at around 0.05 𝑉/Å, but the
overall change is less than 4% between 0 to 0.2 𝑉/Å. On the other hand, the transmission coefficient
of breaking and switching a H-bond (Bottom right) decreases over 8% and 17% , respectively, in the
same range of E-fields.
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Figure 28. The hydrogen bond time correlation functions (from left to right) 𝑐(𝑡) , 𝑛(𝑡), and 𝑘(𝑡) =
−𝑑𝑐/𝑑𝑡 for various water models 𝐸 = 0.1 𝑉/Å.

In the diffusion part of Luzar’s model, the diffusion constant is equal to 𝐷𝑖 = 𝜏𝐷−1 𝑞𝑐−2 , where 𝑞𝑐 =
1

(6𝜋 2 )3
𝑎

and 𝑎 ≈ 1.5 Å is the range of distances where a neighboring molecule may move

without breaking a bond, and the index 𝑖 denotes the inter-diffusion of a pair. For zero field,
𝜏𝐷 = 0.5 𝑝𝑠, and 𝐷𝑖 ≈ 2.9 ×

10−9 𝑚2
𝑠

which is close to the diffusion coefficient calculated from

the mean square displacement,85 𝐷 = 2.59 ×

10−9 𝑚2
𝑠

.

From our structure analysis, we know that 𝑎 should not change significantly under a DC E-field.
Besides, there is no significant change in 𝜏𝐷 , so the change of 𝐷𝑖 is insignificant under DC Efields. The reason that 𝜏𝐷 does not change under the static E-fields, is the same as that of 𝑘𝑇𝑆𝑇 :
the electric field due to the charges of nearby water molecules is much stronger than the applied
external E-field, and the interactions that push a pair of molecules away after breaking of the Hbond is much stronger than the impact of the external E-field.
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However, we will see in section 4.3.4 that the translational diffusion changes by almost 20%
under the E-field range of 0 − 0.2 𝑉/Å. We will show later in section 4.3.5 that the diffusion of
the water molecules is correlated with the “residence time” that we explained in the Chapter 3.

4.3.2. Extended jump model
In this section, we consider the extended jump model (EJM) of Laage and Hynes 45 (see SI) under
a range of static electric fields. According to this model, water molecules reorient through large
amplitude jumps from one acceptor to another. This process is concerted with the diffusion of
the new and the previous acceptor in and out of the first coordination shell of the donor. We do
not observe fundamental changes in the jump mechanism (see SI) and can thus assume the
model to remain valid even under strong electric fields.
In accord with the model, we calculated jump times 𝜏0 , jump angles 𝜃, and the frame reorientation times 𝜏 frame . Field effects influence the various elements of water re-orientation
differently, see Figure 29. Under the strong E-field of 0.2 𝑉/Å, the jump time, 𝜏0 increases by
27% for SPC/E, by about 90% for SWM4-NDP, and by a factor of almost 4 in BK3, compared to
zero E-field.
The jump angle does not change significantly under E-fields, since it depends primarily on the
local hydrogen bond network structure, which is hardly changed under electric fields (see
Appendix 3).
Putting the jump time and the re-orientation angle during a H-bond switching jump in the Ivanov
model:
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𝜏𝑛𝐽𝑀

1
1 sin[(𝑛 + 2) Δ𝜃]
= 𝜏0 { 1 −
}
Δ𝜃
2𝑛 + 1
sin( )
2

36

Here we only compare second order re-orientation time, 𝜏2𝐽𝑀 . Under a field of 0.2 𝑉 Å−1 ,
𝜏2𝐽𝑀 changes by 40%, 380%, and 110% in SPC/E, BK3 and SWM4-NDP water models respectively.
The significant reduction of the re-orientation is because the strong electric field almost
completely blocks re-orientation against the electric field, and the re-orientation perpendicular
to the E-field is slowed down due to the considerably longer waiting time, 𝜏0 , for performing a
switch.
The re-orientation of the frame of the jump is always slower than the re-orientation of the
molecules, and it is not dependent on the H-bond switching, so it is less influenced under E-field.
Considering the re-orientation of the frame, we can calculate the re-orientation time of a
molecule from the extended jump model:45,61
1
𝜏2𝐸𝐽𝑀

=

1

𝐽𝑀 +

𝜏2

1
𝑓𝑟𝑎𝑚𝑒

𝜏2

37

the results for 𝜏2𝐸𝐽𝑀 are presented in Figure 29, showing a moderate change under E-field in all
three water models. The difference between 𝜏2𝐽𝑀 and 𝜏2𝐸𝐽𝑀 increases because despite the
extensive slowing down of the H-bond switching, the molecules can still re-orient due to the reorientation of the frame.
We can compare the model results by the direct calculation of the re-orientation time of the
water dipole moment from the relaxation time of the following function:
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C2 (t) = 〈P2 [u
⃗⃗(0). u
⃗⃗(t)]〉
38

where 𝑢
⃗⃗ is a vector attached to the molecule. The relaxation time of water dipole moment,
means 𝑢
⃗⃗ = 𝑝⃗, is 𝜏2𝑝 and it is in qualitatively good agreement with 𝜏2𝐸𝐽𝑀 , see Figure 29. On the
other hand, the E-field imposes an anisotropy on the re-orientation of the molecules. When the
molecules are aligned with the field, the molecules are relatively freer to re-orient around their
dipole moment in a plane perpendicular to the E-filed direction. We can show this re-orientation
with 𝑢
⃗⃗ = 𝑞⃗ where 𝑞⃗ is a unit vector perpendicular to water’s plane of symmetry. In Figure 29
we show that the re-orientation time 𝜏2𝑞 agrees even better with the EJM model, and that is
because the effect of the E-field on 𝜏2𝑞 is mostly via reducing the H-bond switching rate, but 𝜏2𝑝 is
directly affected by the restrictions of the molecular re-orientation. The difference between 𝜏2𝑞

Figure 29. (Top)Field-dependence of jump time, 𝜏0 , the second order re-orientation time from jump model,
𝜏2𝐽𝑀 , the second order re-orientational jump model from the extendend jump model, 𝜏2𝐸𝐽𝑀 along with the
re-orientation time calculated directly form molecular dynamic of 𝑝⃗ and 𝑞⃗ vector under E-fields for three
water models . (Bottom) and a scheme defining the molecular vectors 𝑝⃗ and 𝑞⃗ for a water molecule.
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𝑝

and 𝜏2 , however, diminishes under stronger E-fields since the partial freedom of the reorientation in the plane perpendicular to the E-field is removed.
As we explained in the previous sections, the dynamics of water molecules are strongly related
to the hydrogen bond switching. In this section, we study the extended jump model introduced
by Laage and Hynes,45 see section 1.2.2, under a range of static electric fields.
In section Appendix 3 we have plotted the trajectories and the H-bond angles in the frame of the
central molecule, the previous, and the next H-bond acceptor for zero fields and 0.2 VÅ−1. We
can see from the plots that the jump mechanism does not change under even the strongest Efield. Again, the reason is that the electrical interactions of the molecules during an exchange of
a hydrogen bond is way stronger than the external electric fields,166 and the external electric field
cannot affect the jump mechanism.

4.3.3. Switching correlation function
Under the static E-fields, the rate constants 𝑘 and 𝑘𝑠 decrease by near 13% and 20% respectively,
so the difference between 𝑘 and 𝑘𝑠 increases, which means that the probability of finding a
dangling hydrogen (a non-bonded hydrogen) should increase. So, the average number of Hbonds, on one hand should increase since the lifetime of a H-bond increases, and on the other
hand, it should decrease since the dangling time increases. This is the reason that the number of
H-bonds, Figure 20, does not change under the static E-fields.
The rate constant of other-way-bonding decreases by 20% under the strongest E-field. This is
because switching the way of H-bonding, especially swapping the donor-acceptor role is more
difficult under static E-fields.
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As we mentioned before,

1
𝑘𝑠

and 𝜏0 are similar quantities that have been calculated using
1

different methods. The value, 𝑘 depends less on the H-bond criteria. Please see Table 4 for
𝑠

details.
Table 4. The H-bond switching time calculated using jump time, 𝜏0 , and from the reactive flux method,

1
𝑘𝑠

The H-bond criteria are explained in section 4.1.6. Regular: 𝐻 − ̂
𝑂 ∗ − 𝑂𝑎 = 30° , 𝑑𝑂∗ −𝑂𝑎 < 3.5 Å and
𝑑𝐻−𝑂𝑎 < 2.4 Å and restricted: 𝐻 − ̂
𝑂∗ − 𝑂𝑎 = 30° , 𝑑𝑂∗ −𝑂𝑎 < 3.1 Å and 𝑑𝐻−𝑂𝑎 < 2.0 Å.
1
𝑘𝑠

𝜏0
Time (𝑝𝑠)

No field
0.2 𝑉Å

−1

Reg.

Restrct.

Reg.

Restrct.

2.37

3.13

3.38

3.45

2.91

3.83

4.33

4.55

The differences in the final switching time values is that for calculating 𝑘𝑠 we do not force the
bond to be stable, and for calculating the jump time, 𝜏0 , we do not force the previous pair to
leave the first shell. Although, usually a stable state bond forms when the previous pair has left
the first shell, but in some cases, like water under strong static E-fields, the average switching
time is longer than the jump time. This is because when the bond between a pair of molecules
breaks, leaving the first shell takes a long time. In short, a complete switch happens when the
bond is switched, the previous pair leave, and the bond is stabilized.

𝜏𝑠𝑡𝑒𝑝 =

1
+ 𝜏𝑡𝑟𝑎𝑛𝑠 + 𝜏𝑟
𝑘𝑑

39

where 𝜏𝑡𝑟𝑎𝑛𝑠 is the time that it takes until a non-stable bond becomes a stable bond, and 𝜏𝑟 is
the time between switching the bond and the separation of the previous pair of water molecules.
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1
𝑘𝑑

1

1

1

is the switching time before the previous pair separate. So: 𝑘 = 𝑘 + 𝜏𝑟 and 𝜏0 = 𝑘 + 𝜏𝑡𝑟𝑎𝑛𝑠 .
𝑠

𝑑

𝑑

Please note that 𝜏𝑡𝑟𝑎𝑛𝑠 and 𝜏𝑟 are independent times and each of them can be shorter or longer
1

than the other one. Under the static E-fields, 𝜏𝑟 is longer than 𝜏𝑡𝑟𝑎𝑛𝑠 and that is why 𝑘 is longer
𝑠

than 𝜏0 .

4.3.4. Diffusion
Figure 30 shows the change of translational diffusion, 𝐷 , calculated from mean square
displacement, see section 24, under the applied static electric fields.150 Within the E-field range
of 0 − 0.2𝑉/Å, the translational diffusion decreases by nearly 20%.
The trend is not the same for all three coordinates: the translational diffusion in the 𝑥 − 𝑦 plane
increases under the E-field range of 0 − 0.05 𝑉/Å. This is because the alignment of water
molecules linearly increases with the field, see Figure 11, so water molecules keep rotating and
translating, but mostly in the x-y plane. As we explained in section 4.2, under fields stronger than
0.05 𝑉/Å, the electric field limits even small re-orientations of water molecules, these reorientations are necessary for breaking and exchanging H-bonds and diffusion of water
molecules. So, fewer hydrogen bonds break, and the translational and rotational diffusion
decrease under E-field stronger than 0.05 𝑉/Å.
In the 𝑧 direction, however, the translational diffusion decreases monotonically from zero field.
Diffusion in the 𝑧 direction and 𝑥 − 𝑦 plane reduce by ~ 36% and ~ 13%, respectively under
the strongest E-fields compared to zero E-field. Jung et al 152 report that under static E-fields the
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diffusion enhances in the 𝑧 direction, but that probably happens at very low temperature,

Figure 30. Isotropic diffusion coefficients 𝐷 as well as the parallel 𝐷∥ and perpendicular components 𝐷⊥ of
the diffusion tensor in SPC/E water (top) BK3 water (middle) and SWM4-NDP water(bottom). The left panels
are semi-log plots to show the increase in 𝐷⊥ in weak E-fields and right panels show the overall trend. The
black line is the best fit of the overall diffusion using the H-bond switching as the random walk waiting time,
eq. 26. Brown line is the same, but using the breaking rate constant, 𝑘 to fit eq. 26.

85
−30 ℃ , and under very strong E-fields, near 0.5 𝑉/Å.
The trends that we see for the diffusion coefficients and hydrogen bond rates are similar and we
can assess our theory about the random walk of water molecules by hydrogen bond waiting time,
see eq. 26. In section 4.3.1 we see that under static E-fields, the rate of H-bond breaking, 𝑘, is
always bigger than the rate of H-bond switching, 𝑘𝑠 . So, the rate limiting step in the diffusion of
water molecules, se eq. 27 is the switching of H-bonds, so under static E-fields, 𝜏𝑠𝑡𝑒𝑝 = 1/𝑘𝑠 .
We can find the best 𝑠𝐷 value for the relation: 𝐷 =

2
𝑠𝐷
𝑘𝑠

6

. The optimal value is 𝑠𝐷 = 2.27 Å, which

is close to the value that we found in the previous chapter, 2.4 Å and the two plots are in an
excellent agreement over a wide range of applied DC E-fields. This is an interesting result
indicating that the waiting time of the random walk diffusion of water molecules is the H-bond
switching time.67
To conclude, the application of the static E-fields slows down the diffusion of molecules40 but this
slowing down is mostly because the molecules cannot switch their H-bonds.167

4.3.5. Roto-translational coupling
We can measure the rotation of water molecules by calculating the mean square rotation:60
2

𝑀𝑆𝑅𝑖 (𝑡) =< (𝜙𝑖 (𝑡) − 𝜙𝑖 (0)) >

40

where 𝜙𝑖 is the direction of the vector 𝑖 which can be 𝑝̂ or 𝑞̂ or 𝑟̂ , see Figure 11. The rotational
diffusion is the slope of 𝑀𝑆𝑅(𝑡):
MSR i (t)
𝑡→∞
4t

𝑅𝑖 = lim

41
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and the overall 𝑅 is √𝑅𝑝2 + 𝑅𝑞2 + 𝑅𝑟2 . The rotational diffusion coefficients 𝑅𝑝 , 𝑅𝑞 , and 𝑅𝑟 are not
affected equally under the static E-fields. In Figure 31 we show that the application of the E-fields
limits the rotation of water molecules up to nearly 60%. We observed in Figure 30 that the
translation of water does not change up to this percent, so what happens to the roto-translation
coupling of water molecules,42,131 and what is the role of hydrogen bonding in that?
We show in the structure section that water molecules are more structured in the 𝑥 − 𝑦 plane
under E-fields stronger than 0.05 𝑉/Å. Water molecules in this situation only can rotate around
their 𝑝̂ axis, and the translational diffusion of water is reduced less in the 𝑥 − 𝑦 plane compared
to the E-field direction, 𝑧. The rotation in this plane can be measured by 𝑅𝑞 𝑧 . In Figure 31 we see
that the rotational diffusion of 𝑅𝑞 𝑧 is reduced by near 30%, much less than the overall 𝑅
reduction. Since the molecules are mostly aligned to the E-field, the dipole vector, 𝑝⃗, cannot
rotate against the E-field direction, so 𝑅𝑝 𝑥 , reduces dramatically under the E-fields.
Finally, we have shown the correlation between translational and rotational diffusion in Figure
31. We see that 𝑅𝑞 and 𝑅𝑟 are indeed correlated with the translational diffusion. The source of
this diffusion is hydrogen bonding, since each translational step of a water molecules is
accompanied with a rotation of the molecule and that happens every time that a hydrogen bond
is switched.
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Figure 31. (top-left) The rotational diffusion is calculated using eq. 41. The difference in the trend of the
rotational diffusion of the 𝑝, 𝑞, and 𝑟 axes is due to the different effects of hydrogen bonding under the Efields on those axes. (top-right) The percentage change of two different rotations of a water molecule.
(bottom) The roto-translational coupling of water molecules under static E-fields. The correlation of 𝑅𝑞
and 𝑅𝑟 remains mostly unchanged with the alignment of water, since when the molecules are aligned with
the field, the 𝑞⃗ and 𝑟⃗ vectors are parallel to the x-y plane, so their rotation and translation is less affected
under the static E-fields.

Finally in Table 5 we compare the effect of polarizability on the change of the dynamic variables
of water under E-fields. As we explained before, the interaction of BK3 water with the external
E-field is much stronger than SWM4-NDP since a BK3 water molecule has three charge-on-
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springs. So, under static E-fields, the H-bond rate constants and diffusion coefficient of BK3 water
drop significantly under static E-fields, while the dynamic variables of swm4-NDP water change
moderately.
Table 5. The effect of the polarizability on the water dynamics properties: rate constant of H-bond
breaking, 𝑘, the rate constant of H-bond switching, 𝑘𝑠 , the jump time, 𝜏0 , and the translational diffusion
coefficient, 𝐷.
SPC/E no field

SPC/E 0.2 𝑉/Å

BK3 No field

BK3 0.1 𝑉/Å

𝑘 /𝑝𝑠 −1

0.35

0.31

0.23

0.20

𝑘𝑠 /𝑝𝑠 −1

0.30

0.24

0.23

0.16

𝜏0 /𝑝𝑠

3.14

3.83

3.93

6.03

𝐷

2.59

2.06

2.01

1.0

10−9 𝑚2 𝑠 −1

4.4.

Conclusion and Remarks

We applied a range of static electric fields on bulk water. First, we examined the change of
structure of water by looking at different structure factors. We observe no significant change in
the radial distribution function, oxygen triple angle distribution, 𝑞 order parameter, and 𝑄6
second layer order parameter. We have also plotted the spatial distribution function of water
molecules in the first and second coordination shell. These plots emphasize that the change of
structure in the first shell is minor. In the second shell, however, we see a more directional
distribution that is related to the hydrogen bond acceptors that have left the first shell but still
have a chance to return to the first shell and re-form the hydrogen bond.
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From the dynamics point of view, application of the static E-fields reduces the rate of hydrogen
bond breaking and increases the rate of H-bond re-forming. This is because under strong static
E-fields, it is harder for protons to go out of the H-bond cone and find a new acceptor. Instead,
when a bond is broken due to the thermal fluctuations, the H-bond will reform faster. Because
of the same reason, the hydrogen bond switching time 1/𝑘𝑠 and jump time, 𝜏0 increases. The Hbond switching time, 1/𝑘𝑠 increases more than the jump time, 𝜏0 , since after breaking the Hbond diffusion of water molecules out of the first shell is slower under static E-fields.
At the same time, the translational and rotational diffusion coefficients decrease with different
rates with the applied external electric field. Even under weak E-fields, the change of the
rotational diffusion is significant, since water molecules’ dipole moments cannot rotate against
the field direction. Under the E-field range of 0 to 0.05 𝑉/Å, the diffusion in the 𝑥 − 𝑦 plane
increases, but under the stronger E-fields, diffusion starts to slow down because the E-field limits
the molecular re-orientations and switching the H-bonds even in the 𝑥 − 𝑦 plane.
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Chapter 5. Water under Alternating Electric Field
We have investigated the effect of an external alternating electric field on bulk water. The main
question that we want to answer is that how the hydrogen bonds resist against the E-field
imposed dipole re-orientation. We have assessed the hydrogen bond dynamics and water reorientation models under a wide range of alternating electric field strengths and frequencies. We
confirm that the change in the tetrahedral structure of water is limited, while the dynamics of
hydrogen bond switching, and diffusion change significantly. We have also studied the effects of
E-field-generated rotation on the translation and rotation of water molecules, and we show that
these kinetics are all controlled by the hydrogen bonding.
The change of the properties of water under alternating electric fields has been the subject of
many experimental and modeling studies due to its considerable applications in science and
technology.48,168–171 English and Waldon have reviewed a wide range of these applications in a
nice review.15
Water molecules establish a high number of hydrogen bonds in liquid, that is 3.6 on average172
at room temperature, and hence form a loose tetrahedral structure.1 The hydrogen bonding of
water molecules is highly dynamic, and the bonds change every few picoseconds.118,173 A water
molecule has a net dipole moment (experiment: 2.95 𝐷 ,95 SPC/E: 2.35 D76), and application of
an external electric field imposes a torque on the water dipole moment to align it with the field
direction.
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⃗⃗ × ⃗𝑬⃗
⃗⃗ = 𝒑
𝝉

42

⃗⃗, on water dipole moment, 𝒑
⃗⃗ . The water
where 𝝉
⃗⃗ is the torque imposed by the electric field, ⃗𝑬
molecules feel external electric field in different situations, either when an electromagnetic wave
is passed through water,20 or the strong electric fields around hydrated ions,174 inside nanotubes36 or nano-surface.175 In a simple example, an alternating electric current, (AC), can
generate an external alternating electric field inside a capacitor, so in this paper, we call an
alternating electric field an AC field. The goal of this research is studying the effect of the
alternation of the external E-field on the hydrogen bond dynamics of bulk water. We simulate
bulk water under a sinusoidal one dimensional electric field:
𝐸 = 𝐸0 sin(2𝜋𝜐𝑡)
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where 𝐸0 is the amplitude of the E-field of the order of 10−9 𝑉/Å, and 𝜐 is the frequency of the
field of the order of GHz, 𝑡 is a time of the order of picoseconds. We use the range of 𝐸0 strengths
of 0 − 0.2 𝑉/Å, since a water molecule dissociates at higher E-fields,32 and the range of
frequencies below 1 𝑇𝐻𝑧 since for the faster frequencies, we would need to take the intra molecular vibrations into account, which is not possible using classical molecular dynamics
simulation, while the hydrogen bond dynamics of water molecules happen in

order of

picosecond time range.
The behavior of water under static and alternating electric fields has enjoyed enormous attention
in the past 20 years, see Chapter 1, but our focus in this research is on hydrogen bonding. First,
we study the structure of water under AC E-fields and show like many other researchers,150,176
that the structural changes are not significant. Then we show that AC E-fields can indeed
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influence the hydrogen bond dynamics. Finally, we apply our suggested analysis in Chapter 3 to
understand the translation and rotation of water molecules under AC E-fields.

5.1.

Results and Discussion

5.1.1. Structure
An alternating external electric field continuously re-orients the water molecules. However, since
hydrogen bonds are directional, the rotation a water molecule involves breaking existing H-bonds
and forming new ones. We will study how much the breaking and re-forming of H-bonds speeds
up under the AC E-fields in the next sections, but first, we want to know to what extent water
molecules follow the oscillation of the E-field, and how much the H-bond network is affected by
following the E-field reversion.

Figure 32. The average alignment of water molecules < 𝑐𝑜𝑠(𝛼) > where 𝛼 is the angle of the water
dipole moment with the field direction in a range of 𝐸0 strengths and two frequencies: 100GHz (left)
and 200GHz (right). When the E-field is strong enough, on average, water molecules follow the field,
even at the increased frequencies.
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Figure 32 shows the average alignment of water molecules to the E-field direction, 𝑧 :
⃗⃗⃗⃗
𝑃𝑧 =

∑

𝑝⃗𝑧

44

𝑎𝑙𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

where 𝑝𝑧 is the dipole moment of one water molecule and 𝑃⃗⃗ is the overall dipole moment of
the system. We see that for all the fields stronger than 0.12 𝑉/Å, the system generally follows
the field oscillations. We should note that when the average direction of the water molecules,
< cos(𝛼) > follows the E-field reversion, it does not mean than all the water molecules are
actually aligned with the field.10 The re-orientation with the field reversal is a collective behavior,
and in the section 5.1.7 we show that the rotation of water molecules can be much slower than
the field reversal. Despite the average alignment at any moment, the distribution of the
molecular alignments broadens as we increase the frequency, see Figure 33. This means that the
direction of water molecules is less correlated to each other, and we show this again in Figure
38. The average alignment of the system decreases with the frequency, for instance, when 𝐸0 =
0.2 𝑉/Å, the maximum of the average alignment is near 60% under 200𝐺𝐻𝑧 and less than 40%
under 500GHz AC E-field. This makes sense since the water molecules are H-bonded to the
neighboring molecules, and the faster the field is reversed, the harder it is for water dipoles to
re-orient with the field.10,41
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Figure 33. The distribution of the angle of water molecule with the E-field direction, 𝑧, per each moment
of the period time. The time is normalized by 𝑇, the period time, and 𝑥 = 𝑡𝑖𝑚𝑒/𝑇. The solid lines are
just 𝑠𝑖𝑛(𝑡/𝑇) indicating the phase of the E-field. The distribution is apparently narrower under 200 𝐺𝐻𝑧.
We use the different colors for the solid lines to show it better. The retardation of the maximum
alignment, shown as the brightest point, relative to the E-field maximum at 𝑥 = 0.25 is observable in
both figures.

The reversal of the net dipole moment, however, is with a delay. In Figure 33 we have plotted
the distribution of the water dipole moment angles with the field direction. In this picture, we
see that the maximum alignment, corresponding to the brightest points, happens at a time later
than when the E-field is maximum, i. e. 𝑡 = 𝑇/4, where 𝑇 is the oscillation period time. The
average of the alignment at each time 𝑡/𝑇 is also plotted in Figure 34 showing that the maximum
alignment is at around 𝑇/2 for all the systems, but the maximum of the average alignment
decreases with the E-field frequency.
The retardation is because the molecules need time to break their hydrogen bonds and align with
𝜋

the E-field. For instance, when 𝐸 = 𝐸0 sin ( 2 ), it has been the 𝑇/2 of time that the upward Efield has been applied to the system, although with a variable strength, and the molecules still
try to re-arrange their network and align with the E-field in this time. After 𝑇/2, the E-field is
reversed, and the molecules begin adapting to the new E-field direction.
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Figure 34. The average of the distribution of the molecular alignment (left) 200𝐺𝐻𝑧 and (right) 500GHz,
in every moment of the phase, 𝑡𝑖𝑚𝑒/𝑇 where 𝑇 is the period of the AC field. Increasing the E-field strength
and the frequency increases and decreases the maximum alignment respectively.

Figure 35. (left) the maximum of the average alignment of water molecules in Figure 33 The maximum
alignment increases with 𝐸0 and decreases with frequency. (right) The maximum alignment happens with
𝑡
a delay time after the maximum E-field at (T/4). In this figure we have plotted the 𝛿 = 𝑚𝑎𝑥 − 0.25 where
𝑇
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𝑡_𝑚𝑎𝑥 is the time of maximum alignment in Figure 34. There is almost no trend in the retardation phase
under AC E-fields. The lines are eye guides.

We have plotted the retardation versus frequency in Figure 35. The trend of the delay time of
100 𝐺𝐻𝑧 is clear, indicating that the delay time increases with E-field until 0.05 𝑉 Å

−1

and then

decreases.

5.1.2. Number of hydrogen bonds
For studying the hydrogen bonding behavior of water molecules under AC fields, the first
property to observe is the average number of hydrogen bonds. We use the geometric H-bond
criteria120 explained in section 4.1.6.
As the re-orientation of water molecules forces the molecules to break their H-bond and form
new ones, the average number of hydrogen bonds explains how much the AC field disconnects a
water molecule from its neighbors, and how freely the molecule can rotate. Figure 36 shows that
the change in the average number of hydrogen bonds is insignificant.150 The percentage of the
changes depends on the 𝐸0 and the frequency, but the maximum change is below 4%. Please
note that this small change is when the field is extremely strong and the E-field direction is
reversed as fast as every

𝑇500𝐺𝐻𝑧
2

= 1 𝑝𝑠, and around 60% of water molecules follow the E-field

reversion. This is a very interesting phenomenon since the water molecules cannot re-orient
without breaking their H-bonds,120 and the conservation of the number of H-bonds with such fast
re-orientations means that the H-bonds break and form almost with the same rate. In section
5.1.6 we measure these rates and, we show they are indeed close to each other.
The conservation of the number of hydrogen bonds and coordination number suggests that the
tetrahedral structure of water is not influenced under the AC fields. In other words, the very fast
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and strong applied E-field, fails to disrupt the hydrogen bond structure. As Laage and Hynes
showed,45 the switching of a H-bond happens in a short time about ≈ 70𝑓𝑠, which is much
shorter than the waiting time between sequential switches, ≈ 3𝑝𝑠, so increasing the number of
switches under AC E-fields does not influence the structure of water dramatically. We will assess
this hypothesis in detail in the next sections, but before, we need to confirm the preservation of
the structure of water.

Figure 36. The number of H-bonds per water molecules (filled circles-left axis) and the coordination
number, means the number of neighboring molecules within 3.5 Å of the central molecule (hollow
circles-right axis) under the different AC E-fields for SPC/E water. For both sets, blue is 100GHz, red is
200GHz, and black is 500GHz. Application of the AC E-fields decreases the number of H-bonds, but the
percentage of the change under such high intensity and fast reversing alternating E-fields is less than
6%.
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In Figure 36 we have also plotted the coordination number, 𝑛𝑐 , under the different AC E-fields.
Decreasing the number of H-bonds allows the molecules to come closer to each other, and we
see that the coordination number has slightly increased. 𝑛𝑐 is the summation of the H-bonded
and non-H-bonded molecules inside the first coordination shell, so the number of interstitial
water molecules 𝑛𝑐 − 𝑛𝐻𝐵 increases with increasing 𝐸0 and 𝜈, but only by 6% and this increase
is not observable in the interstitial peak of oxygen triplet angle distribution.

5.1.3. Radial distribution functions and tetrahedral order parameters
We have assessed the most important structural functions to see how they change with the
different E-field strengths and frequencies. The first function to observe is the radial distribution
function, RDF or 𝑔(𝑟). Figure 37 shows that the change in RDF is insignificant.150 The position of
the peaks is remained constant,176 but the height of the peaks has slightly reduced under the
strong E-fields. If the system had really disturbed under the such E-fields, we would see a bigger
reduction of the peaks, and/or we would see a shift in them, while none of them really happens.
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Figure 37. The radial distribution function of water under different AC field frequencies with a very strong
E-field strength of 0.2 𝑉/Å for SPC/E (top left), BK3 (top right), and SWM4-NDP water models (bottom).
The difference between the height and the position of the peaks for the different frequencies is small.

The radial distribution function only specifies how radially layered is the structure of water
around a central molecule, and the spatial position of the adjacent molecules is averaged out.
The oxygen triplet angle, 𝑂 − 𝑂 − 𝑂 function measures the tetrahderality of the system by
calculating the angle that two nearest molecules make with the central molecule.27 The first big
hump of 𝑂 − 𝑂 − 𝑂 is related to the tetrahedrality, and the second peak is related to the
interstitial non-H-bonded water molecules. The change in the main peak is less than 10% which
is indeed small under such strong and fast changing E-fields. Apparently, there is a less than a
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10% change177 in the tetrahedrality of water under an extreme E-field: 𝐸0 =

0.2𝑉
Å

, 𝜈 = 500 𝐺𝐻𝑧

, compared to zero E-field.

Table 6. The tetrahedral order parameter, q and the second coordination shell order parameter, 𝑄6 under
different AC-fields.
Frequency/ GHz

E-field/ 𝑉/Å

𝑞

𝑞6

0

0.63

0.21

0.1

0.62

0.21

0.2

0.61

0.21

0.1

0.62

0.21

0.2

0.60

0.21

0.1

0.61

0.21

0.2

0.60

0.21

100

200

500

We also calculate the tetrahedrality as a number from the tetrahedral order parameter from the eq. 30.156
Besides, we have studied the second coordination orientational order, 𝑄6 , see ref. 158, to see the relation
of the tetrahedral structures to each other in the second shell. The results of 𝑞 and 𝑄6 are presented in

Table 6 showing that the change in the tetrahedrality is insignificant under the AC E-fields.

5.1.4. Average Orientational Correlations
When water molecules are forced to re-orient by the E-field, the amount of the re-orientation of
each water molecule depends on how the molecule is H-bonded to the neighboring molecule.
The 𝑔𝑑𝑑 function, see section 4.1.4 measures how entangled is a water molecule with the
neighboring molecules.161 Figure 38 shows that the relative alignment of the neighboring
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molecules decreases with the frequency. The maximum angular correlation is under 100𝐺𝐻𝑧,
where the dynamics is slowest, and E-field aligns the molecules.

𝑉

Figure 38. (left) The relative alignment of water molecules, 𝑔𝑑𝑑 (𝑟) under 𝐸0 = 0.2 for different
Å
frequencies. Application of the E-field aligns the adjacent molecules, but increasing the frequency,
decreases this alignment since the nearby molecules cannot rotate with the same rate, because they have
different H-bonding states. (right) The ultimate value of the 𝑔𝑑𝑑 (𝑟) at a long enough distance (10 Å). Like
many other plots, we see a sharp decrease in the relative alignment of water molecules, indicating that
despite maintaining the structure, at a long distance, there is more chaos in bulk water under the fast
reversing AC E-fields.

Under low frequencies like 100𝐺𝐻𝑧, increasing the E-field strength enhances the average
alignment, and the second peak of 𝑔𝑑𝑑 (𝑟), which we explained in section 4.1.4, vanishes. Under
high frequency E-fields, since the H-bonds break in a much higher rate, the average mutual
alignment decreases, and the second peak is more observable. In Figure 38- right, we have also
plotted the long-distance angular correlation of water molecules. This figure shows that the
collective behavior of water molecules in the long distance sharply decreases until the frequency
of near 200 𝐺𝐻𝑧.
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So, the above results prove that the directional structure changes moderately while the radial
structure remains mostly unchanged.41,178

5.1.5. Re-orientation of water molecules and Extended Jump model
under AC E-fields
When it comes to the rotation of water molecules, the very first method for measuring the
rotation time is the Extended Jump Model (EJM) introduced by Laage and Hynes,45,61 that we
explained in the section 1.2.2. The main elements of the EJM model are the waiting time in
between of the H-bond switches, 𝜏0 , the average angle of the water re-orientation during a Hbond switch, and the rotation of the switching frame.
We have calculated the changes of each EJM element under the different AC E-fields.179 The
waiting time, 𝜏0 , is calculated from a Stable State Picture, SSP, measuring the time between when
the donated hydrogen is stably bonded to the first acceptor, and when it is stably H-bonded the
second one. The stable H-bonds are identified using geometrically stricter criteria: 𝑑𝑂∗−𝑂𝑎 <
3.1Å, and 𝑑𝐻 ∗−𝑂𝑏 < 2.0 and 𝐻-̂
𝑂∗ -𝑂𝑎 = 20° , and the waiting time is calculated from eq. 13. The
waiting times have been plotted for the different 𝐸0 strengths in Figure 39. This figure clearly
shows that 𝜏0 changes significantly with 𝐸0 .42,52,180 The reduction of the waiting time in between
of H-bond switching shows that the rotation of the water molecules is significantly faster under
AC fields. In Figure 39 we see that the difference between the jump time, 𝜏0 , and the
reorientation time, 𝜏2 , reduces with increasing the E-field strength, that is because the re-
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orientation angle increases with E-field strength under the alternating E-field, see Figure 40, and
that decreases the angular factor in Ivanov model in eq. 15.

Figure 39. The jump and extended jump model for the reorientation time of water molecules under the
different 𝐸0 strengths and frequencies.61
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Figure 40. The jump angle, which is the average re-orientation angle of water molecules during a H-bond
stable to stable switching. Increasing the E-field strength and frequency increases the jump angle.

In Figure 41 we show the effect of the frequency on 𝜏0 . There is a sharp decrease of 𝜏0 with the
frequency before 200 𝐺𝐻𝑧 and after that 𝜏0 increases a little bit. This is very puzzling behavior,
indicating that before 200𝐺𝐻𝑧, the water molecules speed up switching their H-bond acceptor
as the E-field reversion forces them to re-orient. Under the faster frequencies, the waiting time
for a switch increases, which means that it takes more time for the molecule to find a new
acceptor and to form a stable H-bond. Besides, the average jump angle, shown in Figure 40,
increase up to 20% when 𝐸0 = 0.2 𝑉/Å and at around 𝜈 = 300 𝐺𝐻𝑧, while the trend is similar
to the trend of H-bond dynamics.
Finally, we compare the rotation time calculated from the EJM under the AC fields with the direct
calculation of the relaxation time of the orientational correlation function,61 see eq. 16. The
results in Figure 41 show that there is a good agreement between the EJM model (blue points)
prediction of rotation time and the rotation time calculated directly from MD simulations (black
points).
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Figure 41. The change in the JM and EJM re-orientation time, 𝜏2 , under AC E-fields, and comparing them
with the MD results. There is a minimum in all of them at around 200𝐺𝐻𝑧. We will show in the next
sections that these minimums are related to the response of the H-bond dynamics of the molecules to
the E-field induced re-orientation.

5.1.6. Hydrogen Bonding kinetics
In this section, we calculate the hydrogen bond dynamics and the influence of a wide range of AC
E-fields on the H-bonding rate constants. The classic model of hydrogen bonding, introduced by
Luzar and Chandler181 is the first tool that we use for measuring the hydrogen bond lifetime.179,182
We explained this model in section 1.2.1.
In the first step, we assess if this phenomenological model works under AC E-fields. We have
plotted the correlation functions along the calculated rates for some 𝐸0 and frequencies in Figure
42, and we see that under all the E-fields, this relation works very well, so the resulting rate
constants are reliable measures of the dynamics of H-bonding in AC field.
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Figure 42. The correlation between the left and the right side of eq. 8, and the best pair of 𝑘 and 𝑘′. We
chose our highest 𝐸0 to show that the phenomenological relation does not break even under such a strong
E-field and when the field direction is changing so fast.

In the next step we study the trend of the hydrogen bond rate constants, 𝑘, for the different
frequencies for under 𝐸0 = 0.1 𝑉Å

−1

in Figure 43. The H-bond breaking rate constant, 𝑘,

increases significantly with frequency before 200𝐺𝐻𝑧. There is maximum at around 200𝐺𝐻𝑧 for
the H-bond breaking rate, 𝑘, in Figure 43, and we will talk about this maximum shortly.
In Figure 43, we also show the results of the H-bond switching rate constants, 𝑘𝑠 . All these rates
are calculated from the good correlation plots. The trend of all the rate constants with frequency
is the same: a sharp increase until around 200𝐺𝐻𝑧 and then a moderate decrease until 1 𝑇𝐻𝑧.
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Figure 43. The different rates constants of hydrogen bonding from the methods that we presented in
this report for two different 𝐸0 strengths versus frequencies. All the rates constants are calculated
from the correlation plots, the application of the AC field may interrupt the first order kinetics and
make the correlation plots non-linear only in a few cases of 𝑘𝑠 which we explain later. We have
eliminated those numbers from data set before plotting them in this figure. Still almost all the rates
constants show a maximum in the 200 𝐺𝐻𝑧.
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When increasing the frequency increases the H-bond rate, it means that the dynamics of water
molecules can adapt itself with the faster E-field inversion. In other words, water molecules are
ready to re-orient after 𝑇/2 with no resistance.
The resistance happens when the molecules cannot respond to the E-field reversal. As we
explained in Chapter 3, the process of H-bond breaking and switching, consists of several reforming and switching back, in other words, when a H-bond breaks, it can have two destinations:
switching the acceptor (Large Jump Model) or re-forming (Luzar and Chandler model). The longer
the H-bond lives, the higher the probability for a switch to happen and the lower the probability
for a re-form to happen. Increasing the E-field frequency, forces the molecules to switch their Hbond faster. When 𝑇/2 is so short, the duration of E-field is not long enough to force the
molecules to do a switch, so the E-field is left behind and the lifetime of the H-bond increases.
Under stronger E-fields, increasing the H-bond breaking rates can happen until faster
frequencies, and the peak in Figure 43 shifts to the right.
1

𝑇

𝑇

1

Figure 44 shows the relation of 𝑘 and 2: as long as 2 is smaller than 𝑘 , the faster E-field results
𝑠

𝑠

𝑇

1

in faster H-bond dynamics. But when 2 becomes smaller than 𝑘 , the higher the frequency is, the
𝑠

longer is the switching time. The frequency in which

1
𝑘𝑠

𝑇

~ 2 happens is around 150 GHz, and it

means that the H-bond survives during a half-period.
Imagine that a bond is formed when the E-field direction is −𝑧. When the E-field direction
changes, during a period of 𝑇/2 the E-field remains in +𝑧 direction and tries to re-orient the
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molecules and break the H-bond, but if

1
𝑘𝑠

>

𝑇
2

the E-field, on average, fails to break the bond in

this time. The water molecule simply needs more time to break and form a new H-bond. After
𝑡 > 𝑇/2, the E-field is reversed, so there is less pressure on the bond to break. In this situation,
the higher frequency means the shorter frustrated time, means the longer switching time.42,179
1

Therefore, the H-bond characteristic times: 𝑘 ,

1
𝑘𝑠

and the waiting time, 𝜏0 , increase after around

𝑇

Figure 44. The relation of Δ𝑡, which is the time difference between AC field half period time, , and H-bond
2
switching time, 1/𝑘𝑠 , or H-bond breaking time 1/𝑘, and the E-field frequency. When the hydrogen bond
breaking time is smaller than the half period, means Δ 𝑡 < 0, the higher E-field frequency results in a higher
H-bond breaking rate, and we have faster dynamics. But when the half period is shorter than 1/𝑘, the water
dynamics cannot follow the E-field reversal, and the breaking of hydrogen bond slows down with frequency,
see Figure 43.
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200𝐺𝐻𝑧. This critical frequency increases slightly to around 300 𝐺𝐻𝑧 for polarizable water
models, but the overall trend is the same for BK3 and SWM4-NDP water models.
To sum up, the H-bonds have an inherent “response time” that is a characteristic of water
molecules to switch their H-bond and the water molecules cannot respond to the external E-field
faster.

Table 7. The different H-bond breaking rate constants, 𝑘, H-bond switching rate constant, 𝑘𝑠 ,
and the diffusion step time, 𝜏𝑠𝑡𝑒𝑝 switching time (eq. 27), for three frequencies for SPC/E
water.
𝑇
(𝑝𝑠)
2

Frequency

𝐸0

Zero E-field
5

𝜏𝑠𝑡𝑒𝑝 (𝑝𝑠)

1
𝑘(𝑝𝑠)

1
𝑘𝑠 (𝑝𝑠)

1.13

2.83

3.38

0.1 𝑉/Å

1.01

2.14

2.38

0.2 𝑉/Å

0.93

1.63

1.77

0.1 𝑉/Å

1.01

2.14

2.40

0.2 𝑉/Å

0.83

1.14

0.97

0.1 𝑉/Å

1.02

2.33

2.65

0.2 𝑉/Å

0.81

1.43

1.51

100

2.5
200

1
500
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5.1.7. Diffusion
Translational Diffusion:
The straightforward effect of the change of the dynamics of water under AC fields is the change
in the translational and rotational diffusion.20,21 We showed in the previous section that the
application of the AC E-field does not change the number of hydrogen bonds. However, the
dynamics of water molecules are much faster under AC fields. In this section, we show that while
each water molecule is still connected with the neighboring molecules, the faster H-bond
dynamics results in a faster diffusion of water molecules.
We calculate the translational diffusion from the slope of the mean square displacement (MSD),
see section 2.2. The 3-dimensional diffusion coefficient and the diffusion coefficient in the 𝑧
direction have been plotted in Figure 45 for different E-fields and frequencies. As we expected,
the diffusion coefficient increases with the E-field strengths at all measured frequencies. On the
other hand, for the same 𝐸0 , the diffusion coefficient increases with frequency until around 200
GHz, and then slightly decreases.
We explain in Chapter 3 that the diffusion of water has a complex behavior which depends on
several parameters. In short, a water molecule first needs to switch its H-bond acceptor, then
leave the previous partner and transfer to the H-bonding area of the new acceptor. Application
of the E-field influences these steps differently, but the main change is related to the H-bond
lifetime. We showed in the previous section that there is a sharp increase in k before around
200 𝐺𝐻𝑧, and a moderate decrease until 1000 𝐺𝐻𝑧. We see almost the same trend in the
diffusion rate in Figure 45. When the H-bond switches, the next step is the separation of the
water molecules away from each other, which is 𝜏𝐷 or 𝜏𝑟 time. Since the calculation of 𝜏𝑟 is more
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accurate we have plotted that in Figure 44-right, showing that the diffusion time is a little

Figure 45. Translational diffusion for two 𝐸0 strengths for a range of frequencies for SPC/E (top left) BK3 (top
right) and SWM4-NDP water model (bottom). The filled circles and lines are for overall 3D diffusion coefficient,
and the thin lines and hollow circle are for 𝐷𝑧 . Diffusion has the same trend as the H-bond rates constants has,
and we showed in section 4.3.4 the diffusion is highly correlated to the H-bonding. The diffusion in 𝑧 direction
follows the same trend.
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decreasing with frequency, that makes the rise and fall of the diffusion coefficient less sharp than
that of 𝑘𝑠 . For instance, at 𝐸0 =

0.1𝑉
𝐴

, the diffusion coefficient decreases by near 8% from its

maximum at near 150 𝐺𝐻𝑧 to 1 𝑇𝐻𝑧, while the 𝑘𝑠 decreases 14% in the same range of
frequencies.150
In Chapter 3, we suggested a step time 𝜏𝑠𝑡𝑒𝑝 , which is the average waiting time before one
diffusional random walk step. In Figure 43 we reported the H-bond rate constants, 𝑘 and 𝑘𝑠 .
Unlike under static E-fields, the breaking of the H-bond, with resident time

1
𝑘

+ 𝜏𝐷 is the rate
1

limiting step under AC E-fields, so the step time is equal to the residence time, 𝜏𝑠𝑡𝑒𝑝 = 𝑘 + 𝜏𝐷 .
The diffusion coefficient and the residence time are included in the diffusion versus 𝜏𝑠𝑡𝑒𝑝 time in
Figure 45 .
Our diffusion results for SPC/E water is in excellent agreement with ab-initio simulation done by
Futera and English40 both in trend and values, indicating the current results are independent of
the choice of water model.

Rotational Diffusion
We calculate the rotational diffusion using the method explained by Mazza et al60,183:
1
⃗⃗⃗⃗⃗𝑝 (𝑡) − ⃗⃗⃗⃗⃗
< |𝜙
𝜙𝑝 (0)| >
𝑡→∞ 4𝑡

𝐷𝑅𝑝 = lim

where ⃗⃗⃗⃗⃗
𝜙𝑝 (𝑡) is the rotation vector of the dipole moment vector, 𝑝, using the right hand rule for
rotation. The rotational diffusion, as well as translational diffusion, depends highly on the H-bond
dynamics.71 Here we see again that the trend of the change of rotational diffusion is very similar
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to the trend in the H-bonding dynamics. The reason is simple: when the H-bonds switch faster,
the water molecules can travel and rotate freer.177
In Figure 46 we also show the rotation of the dipole moment, 𝑝⃗ of a molecule in 𝑥, 𝑦, 𝑧 directions.
Please note that 𝑅𝑝𝑥 measures how fast the dipole moment rotates in the 𝑦 − 𝑧 plane, and so
on. In both plots in Figure 46 the 𝑅𝑝𝑥 and 𝑅𝑝𝑦 have the same value, and are greater than 𝑅𝑝𝑧
which show that AC E-field mostly increases the up-down rotation. The rotation of molecules
inside 𝑥 − 𝑦 plane increases monotonically until around 200 𝐺𝐻𝑧 and after that it mostly
remains constant.
We showed that the structure and the number of hydrogen bonds of a water molecule do not
change much under AC E-fields. We also showed in Figure 38 that the angular correlation of the
neighboring molecules reduces drastically under AC E-fields.

Figure 46. Rotational diffusion of the water dipole moment for two 𝐸0 strengths in a range of frequencies.
The maximum difference between the 𝑝_𝑧 component and 𝑝_𝑥 component happens when the H-bond rate,
and translational and rotational diffusion is maximum.
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5.2.

Conclusion

We have studied the effect of external alternating electric on the structure and dynamics of bulk
water. We show that when the field is strong enough, the average alignment of water molecules
reverses after the direction of the field is flipped, although the magnitude of the net dipole
moment decreases as the frequency of the field increases.
The structure of water becomes less tetrahedral under the alternating electric fields. We show
that by plotting the radial distribution function, oxygen triple angle distribution, and tetrahedral
order parameter, 𝑞.
The dynamics of the system is also significantly influenced by the external AC field. The external
field tries to re-orient the dipole moment of water molecules, but before a re-orientation, at least
a few H-bonds of the molecule should break. We have studied the dynamics of hydrogen bonds
using the Luzar and Chandler model51 and dynamic of H-bond switching using the method that
we explained in chapter 3. As we expected, the dynamics of the H-bonds increases with frequency
of the E-field, but there is a maximum at around 200 GHz; under higher frequencies, the H-bond
dynamics moderately slows down. This is because when the field frequency is more than 200
GHz, the half-period time, which is the maximum time before a field reversal, is shorter than
2.5 𝑝𝑠 but the H-bond needs more time to break and switch, so the bond remains intact. When
the field cannot break the H-bond, increasing the frequency reduces the duration time that the
field tries to rotate the molecule (frustration time), and hence the dynamic slows down.
We see the same trend in the translational and rotational diffusion, and the diffusion coefficient,
𝐷, remains correlated with H-bond dynamics under alternating E-fields.
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The further steps can be studying other effects on the dynamics of the water, for example a
confinement or the presence of solvated ions.
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Chapter 6. Summary and Outlook

This thesis is about the effects of the external electric fields on water. We use molecular dynamic
simulations to study what happens when the external force of an electric field controls the
orientation of water dipole moments. We have carefully chosen three water models: one nonpolarizable, SPC/E, and two polarizable models, BK3 and SWM4-NDP, and we study the effect of
polarizability on the effect of the external E-field on water.
In the case of static (or DC) electric fields, the field limits the re-orientation of water molecules
and aligns the molecules. We show that the structure and dynamics of water molecules become
anisotropic with layers that are perpendicular to the applied field and the H-bond acceptors of a
molecule are mostly in one layer above the donor molecule. Still, averaging over all directions,
the tetrahedral structure is less influence by the field. The breaking and switching of H-bonds
happen relatively fast in the layers perpendicular to the E-field, and the diffusion parallel to the
E-field is much slower compared to the diffusion parallel to the layers.
Under alternating electric field, or AC field, the change in the structure is more significant because
the electric field forces the molecules to break their H-bonds and rotate, and this reduces the
tetrahedrality of the structure. Increasing the frequency of the E-field increases the dynamics of
the molecules, but after a certain frequency, around 200 GHz, the dynamics slows down. We
show that the time that the E-field remains in one direction, a half-period time, becomes shorter
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than the time a H-bond needs to break. So, the molecules cannot follow the E-field reversal and
the dynamics slows down after around 200GHz.
During studying the effects of the electric field on water, we realized that the models for
describing the H-bond dynamics, Luzar and Chandler model, and describing the re-orientation of
molecules by Laage and Hynes, are related but their connection is not described thoroughly. We
introduce a method for calculating the rate of switching a tagged hydrogen bond using a reactive
flux method. We also provide a generalized framework for studying the H-bond breaking and
switching, and we show that this generalized picture is consistent with the previous models.
Finally, we show that the random walk translational diffusion of water molecules is correlated
with a hydrogen bond characteristic time, 1/𝜏𝑠𝑡𝑒𝑝 . This characteristic time is the time that two
conditions are met: the previous bond breaks and a new bond can reform, so: 𝜏𝑠𝑡𝑒𝑝 =
1

max(𝜏𝑟𝑒𝑠 , ) . We show that this correlation exists for water under static and alternating electric
𝑘𝑠

fields.
It would be interesting to assess in depth the relaxation of confined water reorientation in an
electric field. In confinement, there are two elements that change the water molecules dynamics:
(1) there will be water-surface interaction forces, and (2) change of hydrogen bonding structure
because the tetrahedral structure of water cannot be formed completely at the surface elements.
The second just increases the water mobility by reducing hydrogen bonding. We can also study
a superposition of static and alternating electric field, and study how the response time of water
H-bond dynamics changes at confinement.
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Appendices
Appendix 1.

Tetrahedral order parameters

Table S. 1 The value of the tetrahedral first and second layer order parameter for some electric 𝐸0
strengths and frequencies. Generally, there is no significant change in these values over the different
external E-fields.
DC
𝑞
Zero field

0.64

Static 𝐸0 = 0.1 Å

𝑉

0.64

𝑉
Å

0.65

Static 𝐸0 = 0.2

𝑄6
0.21
0.21
0.21
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Appendix 2.

The effect of thermostat

The non-equilibrium molecular dynamics simulation results presented in this thesis have been
done using Nosé-Hoover thermostat23 at 𝑇 = 300 𝐾. Here we show the results of the most

Figure S 1. Comparing the diffusion coefficient under static and alternating E-fields using Nosé-Hoover and CSVR
thermostat. There is no difference in the results. For the detail of the CSVR simulation see the Laamps appendix.
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important dynamical variables from the simulation using Velocity Rescaling (CSVR) hermostat.26
As we can see, the choice of thermostat does not affect the results.

Figure S 2. The comparison of the H-bond dynamics rate using Luzar and Chandler model under different DC and AC Efields using Nosé-Hoover and CSVR thermostat.
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Appendix 3.

Large jump trajectories

For calculating the dynamics of hydrogen bonds, we use correlation functions. But we can see
the H-bond switching process from the probability distributions of angles and distances during
H-bond switches. In the following plot, the color is the 3 rd dimension indicating the probability.
The x-axis is time and the y-axis are the distance or angle. The plots are not normalized and the
number beside the color bars show how probable is the process in 300 picoseconds simulations.
Laage and Hynes 45,61 use these correlation plots to show the mechanism of the H-bond jump.
Here we are looking at 3 variables from 500 fs before a switch to 500 fs after the switch. 𝑂∗ − 𝑂𝑎
distance, 𝑂∗ − 𝑂𝑏 distance and 𝜙 = 𝑂𝑎̂
𝑂 ∗ 𝑂𝑏 angle. If the bond formation is a re-bond, then 𝑂𝑎 =
𝑂𝑏 . These plots are called “Heat map” and the more probable points are hotter points.
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−1

Figure S 3. The 𝑂∗ − 𝑂𝑎 distance under zero field (top) under 0.1 𝑉Å
−1

0.2 𝑉Å

static E-field (middle) and under

at bottom. The H-bond jump mechanism does not change under static E-fields.
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Figure S 4. The distribution of the 𝑂∗ − 𝑂𝑏 distances during a switch. In such a switch, 𝑂𝑏 enters the first
shell and accepts the H-bond. Again, there is no clear different between the plots under the different static
E-fields.
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Figure S 5. The distribution of the 𝑂∗ − 𝑂𝑎 distances when the bond reforms right away. This kind of bond
H-bond breaks are usually due to thermal librations. As we showed in chapter 4, the static E-filed around
−1

𝐸 = 0.2 𝑉Å

are too weak to influence these kind of librations.
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Figure S 6. The frame angle 𝑂𝑎̂
𝑂∗ 𝑂𝑏 during a H-bond switch remains constant, and this does not change
under static E-fields.

Appendix 4.

The other-way bonding probability

145
Figure S 7 shows function 𝑐"(𝑡) = 𝑐(𝑡) − 𝑐𝑡 (𝑡), the probability that a pair that where H-bonded
by donating 𝐻 ∗ to 𝑂𝑎 at 𝑡 = 0, re-form their bond in another way, for example switching the
donor-acceptor roles.

Figure S 7. The probability of other-way bonding.

Appendix 5.

Accessing the validity of eq. 9

To get the analytic curve (red), the inverse Laplace transforms in eq. 10 and eq. 11 should be
solved. They have been solved using Stehfest method,184 the code for doing this calculation is
included in the coding appendix.
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Figure S 8. The 𝑘(𝑡) and 𝑘𝑖𝑛 (𝑡) functions for BK3 water and the best estimation of the diffusion time, 𝜏𝐷 =
0.7 𝑝𝑠 for zero field and 𝜏𝐷 = 0.8 𝑝𝑠 under 0.2 𝑉/Å.
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Figure S 9. The 𝑘(𝑡) and 𝑘𝑖𝑛 (𝑡) functions for SWM4-NDP water and the best estimation of the diffusion
time, 𝜏𝐷 = 0.5 𝑝𝑠 for zero field and 𝜏𝐷 = 0.5 𝑝𝑠 under 0.2 𝑉/Å.

Appendix 6.

The polarizable Water models
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A. 1. Baranyai and Kiss introduced the BK3 water in 2014.94 The above picture is from their presentation
that they kindly shared with us.
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A. 2. The SWM4-NDP water model is a 5-particle water model with a Drude particle attached to the oxygen
atom. The picture has taken from ref. 87

Appendix 7.

Buckingham and Lennard Jones potential

Figure 47. The Oxygen-Oxygen potential of Buckingham (with BK3 parameters), and Lennard Jones
potential with SPC/E and SWM4-NDP parameters.
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